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TO BLAIR KINSMAN

Blair Kinsman died on 2 November 1989, and this rec- mathematical steps, in a dcri\ anton, a,, ,c[l a, the ni'tt.
ord of the Labrador Sea Extreme Waves Experiment gritty of low to measure a spectrum, calculate its confi-
ILEwVEX) is dedicated to his memory-most appropriate- dence lexel, and determine "hat it meaný. l)iscursite, per
ly, for I Ew'EX was devoted to precisely those questions haps even prolix to sorie, it stands as a delightful foil
that occupied Blair throughout his scientific career. to that other book on upper ocean d~namics that ap-

He was born on 21 December 1914, graduated from peared about the .ame time. I he book'\ tootnotes arc
the University of Chicago in 1938, and taught in sec- a particular pleasure. On the Sserdrup- Munk model: "Be
ondary schools and at St. John's College in Annapolis, warned. What follows is entirely inadequate to account
Maryland, for thirteen years. Both Robert Hutchins's for the generation of wind %aves. It represents the state
University of Chicago and the "great books" program of the art in 1942." The footnote on instrumental calibra-
at Annapolis were to leave a lasting impression oi, him. tion digresses through physical standards, mathematical
He joined Don Pritchard at Johns Hopkins Chesapeake axioms, Euclid, and Gauss. Blair never really thought of'
Bay Institute in 1951 and re- himself as anl oceanographer,
ceived his M.A. from Hop- but as a "waxes man" and
kins in 1953. 1 came to Hop- primaril. as a teacher; he
kins five years later, and, dedicated his book to his stu-
drawn together by our mu- dents, and through it, he had
tual interest in waves, we students the world oxer.
quickly became friends. His We spent many Thanks-
Ph.D. thesis in 1960 describ- givings together at his home
ed a meticulous study of by the water in Ria, Mar\-
wave spectra in an enclosed land-my young family with
sub-estuary of the Chesa- him, his wife Dottie, his
peake Bay and showed his daughter Lisa, and their boat
great attention to detail, his Snark. He was a delightful
concern to do things right, raconteur. He loved words-
and his engaging literacy many times we browsed
that flowered in his monu- through Fowler's Modem
mental book (I use the ad- English Usage to clarify a
jective with care), which was fine distinction in meaning
published five years later. or to enjoy Fowler's pedant-
He served on the faculty of ry. He loved his students-
Hopkins but left in 1966 to he spent endless hours with
become a Professor of them, and they were his
Oceanography at the Uni- pride.
versity of Delaware; subse- He loved waves, and he
quently, he was a Visiting would have been delighted to
Professor at the State Uni- see the enormous strides in
versity of New York, Stony spectral measurement tech-
Brook, and at the University of Mexico. niques, physical understanding, and wave modeling made

Wind Waves: Their Generation and Propagation on in LEwEx. We have come a long way since Bill Pierson's
the Ocean Surface is indeed Blair's monument, just as pioneering Stereo Wave Observation Project iswoPr, but
St. Paul's Cathedral is Christopher Wren's. Literate and L.EWEX is a direct descendant, In Blair's discussion of the
eclectic, it is known to oceanographers throughout the two-dimensional wave spectrum, swvop was all that he
world. Students approaching the subject have found il- had to go on. With LEWEX, we have an enormously
lumination in its perspective, pleasure in its informality greater base of data, wealth of detail, and range of ques-
and style, and an example in its awareness and careful tions; I hope that we "waves people" can do proportion-
examination of complex issues. The book is, in jargon ately as well as Blair did. As this volume depicts vividly,
that Blair would dislike, user friendly. It gives all the we still have some way to go.

Owen M. Phillips
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PREFACE

More than 30 years ago, the National Academy of Sciences and the U.S.
Navy sponsored the first conference of substance on the nature of the ocean
wave spectrum.* Many of the leading thinkers of the day con erged to share
ideas on the behavior of wind-driven ocean surface waves. Several of the fun-
damental questions raised then remain still unanswered. The spatial and tem-
poral behavior of the vector wind and wave fields is perhaps not much bettcr
known today than it was then.

Progress has been more evident on other fronts. Thirty years ago, temporal
wave records were yielding to one-dimensional height spectra, but full two-
dimensional (directional) spectral plots were still rare. Since then, numerical
wind-wave modeling techniques have progressed through three generations
of development, Many institutions now routinely produce forecasts of spa-
tially and temporally evolving directional ocean wave height spectra.

Roughly in parallel with the model development, instruments to estimate
the directional spectrum have proliferated. Microwave remote sensing methods
give the promise for all-weather, 24-hour global monitoring of the directional
spectrum from satellites. Although it is certainly not the only technique prac-
tical from space, synthetic aperture radar iSARI has been the one most
thoroughly explored during the past decade. With the expectation of several
orbiting scientific SAR missions in the 1990s (at least one each from !he Sovi-
et Union, Western Europe, Japan, Canada, and the United States), this ex-
ploration will probably accelerate.

In spite of this impressive international commitment, the specific role of
spaceborne SAR in a practical wave forecasting scheme has yet to be precisely
defined and demonstrated. SAR ocean wave monitoring performance will be
artificially constrained by the higher platform altitudes because of excessive
Doppler smearing. Of all the extended SAR missions for the )990s, only the
Soviet Almaz series, at an altitude of 300 km, appears to have the potential
to overcome the fundamental Doppler smearing effect caused by the motion
of the waves and exacerbated by the higher-altitude orbits.

When the platform altitude problem is resolved, there remains the question
of how best to assimilate the SAR-derived spectra into global models. More-
over, these global wave models will themselves be guided by sparsely sampled
satellite wind estimates. The problem is analogous to estimating global circu-
lation with a satellite altimeter. The longer spatial and temporal scales of the
fields will become clear enough, but the shorter ones, particularly those nor-
mal to the satellite tracks, will remain insufficiently sampled. The boundary
between the two will be determined by the ingenuity of the assimilation scheme.

Fundamentally, however, this much seems clear: the directional wave spec-
trum can be estimated in the future only to the extent that it can be measured
in the present. Furthermore, because the ocean is not adequately described
by a single parameter such as significant wave height, global estimates of only
significant wave height will not suffice. The present description of the sea sur-
face will improve only if what is predicted globally is also measured globally.

In April 1989, APt hosted a symposium entitled "Measuring, Modeling,
Predicting, and Applying Directional Ocean Wave Spectra." The symposium
was based largely on results from an international waves experiment conduct-
ed in the Labrador Sea during March 1987. The Labrador Sea Extreme Waves
Experiment, known as tEwr-x, involved participants from eight countries
(Canada, the Federal Republic of Germany, France, The Netherlands, Nor-
way, Spain, the United Kingdom, and the United States). Lt:,svx produced

"OQ'ean Wave Spevtra, National Academy of Sciences, Prentice Hall, Fnglewox, (lif,,, N.. (1963o
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Preface

a unique and unprecedented set of more than 2(XX) estimates of the direction-
al wave spectrum, all displayed in a common format.

That symposium I,.d to the series of papers in this volume. lhe pfapers co\ -

er four complementary themes in " ind-k% ae physics, seakeeping and surface
measurements, aircraft and spacecraft measurements, and numerical model
estimates. These four major themes are framed by two introductory oxer\ ie%%
articles and two concluding articles addressing both the needs and aspirations
of future research. Of the mcre than 20(X estinmates of directional w\ax e spec-
tra gathered during t xxi-\, o~er 3X) are presented and compared. [he re-
suit, I believe, is a broad, internationally based case for the uncompromising,
continual global collection of directional ocean waxe ,,pectra.

Rohert C. Beul
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EDITOR'S NOTES

It has not been practical to impose a universal set of sym bols throughout
the volume. Too much heritage is associated with each of the %anous disciplines
represented here. As a compromise, each author has defined terms and sym-
bols as if his paper were autonomous, thus allaying if not completely eiminat-
ing confusion.

Arriving at an acceptable convention for wave direction esoked the most
discussion. Mariners describe waves in termsiL of their source direction. Most
modelers and theoreticians think of (or at least plot) waves in ternm of thei
propagation direction, To further complicate the matter, a propagation direc-
tion of 0' is not universally interpreted as to-the-north; sometimes it means
to-the-east.

In this volume, unless otherwise stated, directional ocean wave spectra are
displayed with north vertical and with the spectral energy shown in the direc-
tion of propagation. Exceptions to this rule occur in the seakeeping papers,
in which a ship heading of 0' means "into head seas," and associated spectra
are similarly plotted "in the direction from." Excepti )ns are always so noted
in the caption. Unless otherwise explicitly stated, individual narratives still use
the mariner's description: southerly (from the south) winds are those that pro-
duce southerly (from the south) waves.

There are many choices to be made in plotting directional ocean wave energy
spectra. In this volume, the preferred format is generally linear wave number
in units of rad/m plotted radially, and spectral energy density in units of m`
plotted in equally spaced contours. This linear-linear combination permits a
direct intuitive association of volume in the plot with total wave energy in
units of m2 . Unfortunately, this fully linear plot is a poor choice to display
multiple wave energy modes that differ substantially in peak spectral energy
density. Narrow but energetic swell can completely obscure an equally ener-
getic wind sea in such a display. The common answer to this problem is a
log-log display of both quantities, effectively relinquishing the straightforward
energy association in favor of increased dynamic range. Examples of both
plots exist in this volume, with appropriate description in the captions.

In a few instances, some variant of the wave energy spectrum is used. For
example, the use of a slope spectrum enhances the displayed wave activity
at the longer wave numbers, where much of the interesting dynamics often
occurs. Spectra from the NASA airborne sensors (surface contour radar and
radar ocean wave spectrometer) are often displayed in m3/rad, a compromise
that slightly enhances the activity at high wave numbers.

Insofar as knowledge of the instrument or model transfer function permits,
all spectral comparisons in any given figure in this volume are displayed in
equivalent formats. The range of wavelengths of interest is generally that which
is believed to be assessable with a spaceborne SAR with favorable geometry,
that is, from 50 or 100 m to 800 m. This range, incidentally, also well repre-
sents the energy-conLaining wave numbers to be found in wind-generated waves
in the open ocean.
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ILNTRODUCTOR 1' 0VER V/EWS'S

IN WHICH THE VARIOUS FACETS 0t: LEWEX ARE
SUMMA RIZED, A ND A CA SE IS MADE FOR

IMPRO VED GLOBAL ESTINIA TES OFITHE
DIRECTIONAL OCEA N WA V`E SPECTRUIM



ROBERT C. HEAL

LEWEX: MOTIVATION, OBJECTIVES, AND RESULTS

This overview article outlines the major events that led uip to the 1 abradotr ýSeaz L trcinfic s s
periment, describes its international miult idisctiplintr) -scope, and suniniaan/cs the nitajot tcstlt s.

INTRODUCTION Itn~rinemUm thit Nu"tdirned it Is an irtd1%at1Mn ot 111v ntvr-
nationtal interest In iiitptus11ý 0nig1 ocai s a pried1,ciltuL

In early Mlarch 1987, ocean researcher,, from eight ýN IIIh 11nprosed s Iae odcls. guindd 11 witcixited .afef
North American and European countries cons er~ged onl lite directional sndetnt and sri'led v\s :ofnplcftnen
a pair of sites in the southern Labrador Sea to explore (t% arssl~litc directnonal v~ac I.stiniates. a'.sa toiecaslifin
methods for measuring, predicting, and applsing direc-. 4ill shoudd also 11mprose. hut .Inl 1t the satelhie inteer-
tional ocean wave spectia. The researchers %%ere support- manion i*. prop;rl% assiniflated In'general. ithrte 'A~ill h:
ed by ship, aircraft, and satellite estimates of' wind and biases. uncerainties, and undersam plitn. I I ýý \ luas rc
waves, further complemented by a number of numerical XeacdILt that mans of thi: biases and uncerla~llles Ieside
wave model estimates. From the surface, the Canadian in unexpected places.
research ves~sel CFAV Quest, and the Dutch research xe's- M TVTO -RLA
sel HN LMS Tvdemnan, used wave buoys and their na\ i- I l\rlN 'O [WE
gation radars. From the air, a Canadian CV-580 aircraft Improved ocean N~avec predictiows arc imlportant for
and a NASAx P-3 aircraft employed radar remnote sensors. ,.hip guidance in coastal areasý and along the major va
From space, the U.S. oceanographic satellite (icosat route,. ['he% are a nevessary :oniponent of ail\ serious
monitored wind speed and wave height with its precision attempt to improve sai .t at sea. For exarnple. as Kjcddsn
radar altimeter. Thle two ships used both moored and describcs in the following article, Norsva ' has a notori-
drifting directional buoys, the NASA P-3 used both a sur- ous problem to ensure ship .aft\t all along its exposed
face contour radar (scPi and a radar ocean wave spec- sesterln coaLst. Cotuplev. multinicodal wwa arc transtormed
trometer (ROWkS), and the Canadian CV-580 used a C~- by sariable coastal currents and bathymicir, to produice
band synthetic aperture radar (SAR), generally at two al- somne t-,peciall\ hazardous regijons along the coast. Knov%
titudes (or two range-to-velocity ratios). ledge of the multimodal seas, (or more -pecifically. the

Each of six agencies u~sed numerical models and its direcional energy spectrum) can be combined Nkith speTi.1
own (or others') estimate-, of the wind field to hindcast ic vessel transfer functions to predYict \essel motions, arid
(i.e., for-Last after the fact) directional spectra at the ship to assign safety risk factors to the sessel as a fuinction
positions, and nine agencies (including the first six) later ol time and loc.ation. The accuracy of these calculations
used a common wind field to generate a second set Yf however, can be extremely sensitive ito errors in thle initial
hindeasts to expose even subtle differences among the (deep-water. current-frec) spectral estimate. Figure I
various modeis. Over a seven-day interval (from 1 2200 shows anl exanple of an open-ocean operat Ion in %, hich
UT on 12 March to 1200 UT on 19 March). about 20WX thle %sessl motion clearl% creates a nuisance.
spectral estimates were produced, with as many as On a less immediate but ultimately more profound
twenty-five nearly simultaneous and coincýidenit estimates scale, anl accurate decrCiption of the sea surfatce can help
at each of the two ship locations (four from the ship, refine our knowsledge and understanding of global climate
six from the aircraft, six from models using separate dynamics. Large-scale ocean currents (eg.. the Ciult

winds, and nine from models using common winds). Stream. which acts~ as a conduit to transfer heat from
This comprehensive set of evolving directional spectra, equatorial to polar regions) are driven largely by the mean

all processed and displayed in a common format, is surface winds over the ocean. The atmosphere I'. coupled
unique and unprecedented. Not surprisingly, no set of to the ocean through the surface drag: higher drag alloxss
spectral estimates from a single source is identical ito that more efficient coupling. B~ut thle drag depends inlimately
from any other source. These disparities among the spec- onl the properties of the surface waxes., Short, steep, 'Aind-
tral comparisons have provoked valuable controversy on driven (" young*') ssaves offer much more drag than long.
the source wind fields, the surface spectral estimates, the gentle ("old") sw~ell for the same '-vind speed. Even though
aircraft spectral estimates, and the wave model spectral this wave-dependent aspect of' drag ic. now' commonly
estimates. The following articles in this volume present recognized (see the panel discussion Wi this volume), its
and elaborate upon many of the disparities, behavior as a function of thle undcrl~ing directional ,.ase

The comprehensive spectral intercomnparison effort was spectrum is still poorly understood. Consequently, none
named the Labrador Sea Extreme Waves Experiment of the wkave models at thle major forecast centers incor-
(tEWTx). There was no single impetus for t i- but the porate-, a waxe-dependent drag. Tlhis omnission (even ;I.
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Figui. 1. A U S N..w, sr,

suming that all other things are perfect) likely results in ssind hawe been asailablc si,,c the early 195(K, -I h,: first
substantial modeling errors in the initial stages of %,,ase ideas %,ere largel) empirical, bas.d on ship obser,.atjors
growth or in rapidly evolving winds. When the.se and oth- Nexertheless, theý yielded rough cstimate,, of the \ka~c
er subtle but important effects are more clearly under- height and period.1 This plimiti\e (hut useful) enipim:c1,ni
stood, the physics can be incorporated into numerical yIclded in the 19(0s to the realization that the pr-dicntic
wase models. Such models, in turn, will become an es- problem %sas better characterized b\ a spectral c\olution
sential component of the coupled ocean-atmosphere spxe:- based on an energp balance of generation, dissipation.
ification, and will lead to more accurate descriptions of and xsae-"ave interac.ion terms. Since then, as ph~si%:ad
many of the fluxes that influence global change. In the insight h1as f ollosed careful measurement. three genera.
concluding article in this volume, Hasselmann further tions of 'ase models hase emerged, all hasing the Corn-
elaborates on the important role of improved wave models mon goal of predicting directional kiae spectra in the
in global climate modeling, open ocean from twelve hour% to three or more days in

These two major problems-the first operational and advzncc. All three generations use finife difference
immediate, and the second scientific and long-term-- schemes to grow, propagate, disperse, and dissipate the
helped shape t.Ex and influenced the composition of saves. The first differs fundamentally from the second
its participants. But another, equally central, issue %as and third in assumptions about the physics that shapes
this: the prediction of future directional wave spectra is the equilibrium spe•trum; in particular, second- and third-
fundamentally limited by our ability to specify it in the generation models incorporate a %ase-wvase interaction
present. In the open ocean, especially in high seas, no mechanism that acts to enhance energy in the region of
absolute or even primary standard exists for determining the spectral peak. Hasselmann in this volume gi'es a con-
the directional wave spectrum, either by model or by mea- cisc historical perspectise of the evolution of wind-%kaxc
surement, either in situ or remotely. Consequently, i+sv- modeling since 1947.
EX also became a search for consensus, for systematic lMespite their empirical refinement, second-generation
anomalies, and for unexpected agreements. All three is- models are not always superior in performance to first-
sues-safety at sea, climate dynamics, and the search for generation models. Most recently, third-generation mod-
consensus-become most problematic in extreme (e.g., els, in which approximations of the wave-m ave interac-
growing, high, multimodal) seas. tions are calculated at each time step (important in rapid-
THE LEWEX INTEREST GROUPS ly turning winds), have become practical. They have tend-

ed to be computationally intensive, howecer, and their
LEWEX was born from a chance union of three sepa- practical superiority to existing first- and second-genera-

rate interest groups: numerical ocean wave modelers tion spectral predictions is not easy to demonstrate. In
(mainly oceanographers and physicists), radar remote early March 1987, the first and most highly refined third-
sensing scientists (mainly electrical engineers and radio generation wave model (AAM)'s became operational at
scientists), and ship motion experts (mainly naval ar- the European Centre for Medium Range Forecasts, just
chitects and hydrodynamic engineers). The three groups in time to participate in I Urlx.
rarely have the chance to join in a common enterprise, Remote-Sensing Scientists
but in 1987, special circumstances provided an unusual The science and technology of radar has e-volved rough-
opportunity. ly in parallel with the development of wind wave models.

Ocean Wave Modelers The first crude realization of a synth ;c apertuic came
Quantitative schemes for predicting ocean waves in the late 1950s. but synthesis did not become practical

through estimates of the time-space history of the surface until the 1960s, when large-diameter optics were intro-
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duced to accomplish signal correlationl t1ý I %i, ,Outc" pel u n (a-lk ,ilmcd Into, ,',,cd mioi,,t,
oceanographers were advocatnvg "prcsnt da> radar itch p(1)11J, roll, arld hca~)i bh', ý, of t01C iosw) ri-t110ct lu>-
nology to give a complete description of the sea ,,tale." lion. I, o [htc C\tvithat l thc kC"Cl ,C-sp.'nsc 1i 1l11C.4
By then, potential scientific applications for nulitars radar and it,, t il Ilci ulnet on is kll, ii k)N slcuvc 01 lhe enl
technology were beginning to emerge. Many of the apphi coultIcr directional SpeO.lUi suttick-tiftlOt 10 det-OrCIIne1 1Ihc
cations were based on exploiting en, ironmentally depen- ship motionsl. In ,,uch cascs. the piobleril can N" Salvd
dent backscatter from the ocean. In the 1970s, three quite dossn bh a Iattor of I0 to I(k, pr•luilni, noioill aind
distinct aircraft radar techniques kkere explored by N \,', capsltle Studies in) model basInsI, 11% csin ',• nhrornzed
for probing the ocean surface on scales (tens to hundreds orthlogotal sct-, of paddles. ic theore -4oplist)ie%:. ot thse
of meters) that might yield remote estimates of the direc- bais can ,imtulaltC lull direct ronal 0 •I ,ae Npectra.
tional wave spectrum: II) the surface contour radar is& K). |E:n though ship desigm crtleTla Jaie still sptecitfied sun-
a narrow-beam, nadir-centered, raster scanniUtg altim- p1h. in terms ott %\aýsc heicht, ot ait most in tilcins o;t a oill
eter;4 (2) the radar ocean wave spectrometer (sROW), a dinllensional1 (tunimo.1.dal) spet0.1 thr] cI Silnph!tlfica•tins iale
fan-beam, off-nadir-centered, conically scanning altim- ntit normalla jutified. 'lhe ox-nit txeaii s',. spa c trum
eter:' and (3) the synthetic aperture radar is-\xi." All is otenll (perhap-, usualls) multinrodld Accurate tolrcasls
three could gather directional wave information; the of directional ac speNctra arc therefore •scneial to pre-
raster-scanning s, k is the most direct and primary meth- diet ses.el and offlhorc lo%,et rnotions, internal stre,,,,.
od, relying primarily on precise ziming to map ocean sur- and safet% factors for ýarious deck and tox\er operatior'n.
face elevations. Only RoWS and s.x\R can be practically (Significantly, this xoint %%as al•o made nearls thils yar'
configured for a satellite, hownever, and both (especially ago in a similar conference onl ocean N~ase spectra.
the SAR) must rely on less direct properties of radar back- Accurate three- to tcn-da. to.ecasts vNould e extremell
scatter from the ocean for their spectral estimate-. useful for transoceanic ship guidance and tot itore reli-

In 1978, NASA flew the first civilian Ss\R on Seasat. the able estimates of port arrisals.
world's first purely oceanographic radar satellite. The In 1984. a \,,t) rtresearch study group on fuli-scalc
Seasat AR was indeed able to monitor important aspects wase measurements was formed to insestigate method,,
of the spatially evolving spectrum over hundreds of kilom- of measuring and specifting the multimodal (directional)
eters, but the moving ocean scatterers created a Doppler behavior of the sea using ship instrumentation such as
spread in the radar signal that acted as a severe wave filter buoys and na igation radar. By 1985, "full-scale" (i.e.,
in the along-track direction.' Unfortunately, few oppor- at-sea) trials were being planned in the North Atlantic us-
tunities existed under Seasat to compare the SAR-esti- ing the Tvdemnan and the Quest. Also by the mid-198(,,
mated directional wave spectrum with other independent the thre-w-ay (.sc, Ro%%., and NAR) spectral comparisons
estimates. This situation was partially rectified in late 1984, from siii were indicating remarkable agreement among
under the much lower-altitude (and thus less severe Dopp- senscrs, and the 5 .a developers were testing global
ler smearing) shuttle imaging radar (SIR.H. Off the south- versions of their third-generation model on the Cray com-
west coast of Chile on four separate days, spectral esti- puter at the European Centre for Medium Range Weather
mates from the shuttle SAR and from the SCR and ROSSs. Forecasts.'-'
both mounted on a NASA aircraft, further indicated that By 1985. then, the time seemed ripe for a field exper-
a lower-altitude orbiting SAR could (three times out of iment in high seas that would include as many methods
four) give reasonable spectral estimates.9 Those skepti- as possible for estimating-nearly simultaneously and
cal of remote sensors, however, could (and did) protest coincidentally-the directional wase spectrum. Those
that no "direct" in situ measurements existed to verify methods included first-, second-, and third-generation
any of the remote estimates. Indeed, previous, but far wave models, the three most promising radar remote sens-
from comprehensive, separate comparisons had been ing techniques, and various ship-based techniques, includ-
made of both the SCR and ROWs against directional ing directional buoys and marine radars.
buoys. Since those were only two-way comparisons, they
did not permit any consensus-building, and could not be CHOICE OF TIME AND PLACE
construed as definitive. By the time of LEWtEX, all three
radar techniques, properly used, clearly could yield some- By early 1985, 1 r,% m-x began to take tentative form.
thing closely related to the actual directional wave spec- At that time, m.mvmx was envisioned as a direct successor
trum, but the subtleties of the SAR instrument transfer to the NAS.\ SIR-tB Chile experiment, bu: to occur in the
function were still very much in question. North Atlantic under the swt- reflight (designated sItn'),

then scheduled for March 987. To support the interna-
Ship Motion Experts tional polar ice research, StR-R' was to have been

Accurate prediction of ocean waves in coastal areas has launched from the western U.S. Test Range in California
been an important component of maritime planning ever into a nearly polar (880 inclination) orbit with a slight
since World War 11. In the intervening half-century, un- westward drift (0.60/day), Canadian researchers were par-
derstanding ship motion, internal stress, and fatigue (both ticularly interested in exploring whether spaceborne sAR
to material and to personnel) have been central issues to could monitor ice dynamics on the Grand Banks during
hydrodynamicists and naval architects, By applying con- March, when the ice field reaches its maximum extent.
cepts of linear systems theory, the surface ocean wave For Canada, improved ice monitoring and prediction
spectrum (or, in the case of a moving vessel, the "en- would directly affect the economics of fisheries and oil
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exploration in the eastern maritinie pros inces. As- a at lea'"t lei litlle a New. Ithe tillia I I~ \lc 'ite' 10 I
precursor to their owni Radarsat programn, the ( ýanadians cated %kell %%lthin thi\ re ,iLon, and \c" :lo'~c cliough to the
were planning the Labrador Ice Margin 12\Ivriltttittý aii:raft ha'se in) Gander 0\11itl1t1 3ý5 nini. as it turned out)
swx) under the SIR B reflight, to be supplemenited b\ their to allo%% oserthghfts h% lith: I~o aite:ralt and suffihetitis
ow~n tnultifrequency aircraft s.stR, which in 1985 %%as ,till sokths'ard to allov% Cxposure ito substantial ý,ase cle.erg
under development. arri- ing tfront ithree quadi ants. I imc 2 also gts e, a hint

Meanwhile, in the N.ro re-s-earch Stud\ igroups, suipport of a major s intetr %tonti thlat slok',cd the Ii dcmunal on S~
was building to join the stR-Wn ocean \waves e\perinlent. March. and thfetilesX~lie hX Aheet jus~t cast of New lound,
NATO scientists Secured commitments for both the Quest land that nearis inttnobili/ed the ship a' it approached
and the Tvdemwn to conduct at-sea full-.scale trial- during St. Johni's harbor.
March 1987. The ship commitments were an essential B\ March. the %ase .:limate in the "Inter N'orth At
comnponent of Iis\ tLx, making it possible to extend the lairtic is rapidl\ ameliorating. 1-igtire 3 show%, that the
scope of the spectral comparison-, well be\,ond the 198.4 probability o1 encoririerinie a 2011f 16.1-111) w\ase ieent
StR-ti experiment off Chile. in the I I wi \ revion in Mlarch is scarccl\ inore thian halt

Then in January 1986, the Challenger accident oc- Mi at it is in Januar> . \!oreoer. Ilegurc 4 (front iCO-

cur-red, taking with it all hope of obtaining s.\R~ ocean im- sat Vase hei0ht estimlates)4 sho\% that I198t' %&as one of
agery from orbit for several years,. The next few week., the quieter \cars, %%ilth the iI 551 I region experkncing
were an uncertain time for I 155i.AF. but by April a mnodi- onl>l a 3-r1n March a' erage. dow n from more than 4 in
fled strategy had emerged, wherein the Canadian aircraft in Mlarch 1986. Ironicall\y, the last major e' ent of the
SAR came to play a central role not only for imit-\, but 1986-87 winter (at least 95q-rn %waes drien b\, 25-rn 's
also for L.rsstEx. A commitment from the Canada Centre \\ indsj passed through the Ii sI % \ reaton on 8 March arid
for Remote Sensing for five flights of their CV-580 SXR \wa.s encountered by the Tidt'eman enl route to St. John's.
aircraft was the final catalyst that ensured the experiment. These two obstacles (the storm and the ice pack it ltimiate-
Coordination between the two experiments became es- ly pre% ented both ships from reaching their I I \St I \ itcs
sentia]: i i.\iE.\ required broad near-shore coverage for until early on 14 Mlarch, McCloske\ gives a tur-ther
generating ice mosaics, but I E't-.\ required multiple pass- chronolog> of events from 9 Mlarch to 19 March.
es over ships well out in open water, Conversely, the Figure 5 shows thle extent of the ice field around St.
merging of ttsiwx and I WUF.x eventually proved to have John's harbor as the two ships traseled south on 1(0 and
logistically important side benefits, and some of the im- I I March around the ice pack and then northeast into
agery of waves traveling through floating ice provided newk 'Trong headwýinds on 12 and 13 Mlarch. By 14 March.
insight into the SAR wave-imaging mechanisms. the two ships \%ere positioned at adjacent numerical

The final choices of time and place for t tw~u'.x then, model grid points of' the U.S. Nasy Global Spectral
emerged from the following basic constraints: Ocean Wave Model, (;So\wst (the Quest at 50'N.

1. The Quest and the Tvdeman were available only 47.50 W; the TydJeman at 50'N, 4S*A*). From Gander.
for the month of March, including two-way trans-Atlantic
passage for the Tydeman. __

2. LEwE~x and LINtEX competed for a single common
resource, the aircraft SAR based from a single airfield, c
tiEWEX flights were looking for passing storms wvith evolv-
ing multimodal spectra, while i-vt-.x flights were look-
ing for dynamic ice field conditions.

3. The NASA~ P-3 aircraft, containing both the scR 60N
and ROWS, was supported for only four flight days (eigh-
teen flight hours), including two-way transit from Wallops
Island, Virginia.

Among the elements of risk and uncertainty were
(1) daily constraints on the aircraft to secure acceptable 0.
alternate landing sites and to fly complicated patterns at4
various altitudes in one of the world's busiest air corridors; E X

(2) constraints on the ships to deploy and recover large
experimental buoys in high seas; and (3) the possibility87 6

that ice might completely close St. John's harbor just be-
fore the onset of the experiment, when both ships needed
access both to enter and to exit.

Some salient features of the wave and ice climate in 3.>. N 6" 30'W

the winter North Atlantic are shown in Figure 2, along Figure 2. Wave and ice climate in the North Atlantic in win.
with the route of the Tydeman from southrn England ter, also showing the route of the Tyo'eman from southern En
to St. John's, Newfoundland, during the First days of gland to St John's. Newfoundland, from 3 through 10 March

1987. Contours show number of occurrences ot waves exceed-March. The figure shows a steep gradient in wave climate ing 10-rn signilicant wave height in the 10-year interval from 1959
north and east of Newfound~land, with a broad region to 1%9. from U.S. Navy model hindcasts Ice coverage is for
in which the significant wave height (SNH) exceeds 10 in 10 March 1987.
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A 7- ......... tle (.anadian (V-58) and the 11-1' s planned thcu! flights to travel cast% atd at 50'N latakid t toni 5Cr\\to 45'\V atid ito pass omc ihle lydeman dailk at about

Z 12(k) (- 1 (0830 lo:al I line), coincldcnlt %N ih 1ic \al Iom
-model forecasts. Aside fromt a ,in•lc ,nooied buo, ai
each ship, all buo,,s \ete dcplo'ed scsrat hours betore

60 - aircraft oerpasses and , ct c rcctictrd ,,csral hours atict
the o~erpasscs, all generallN in davyight hours, but sitc
times after dark and sith great diflictlt,.

I EWX The problem ot succOsfull,, deploying antd recoenrC1,
Sbuoys %as a major concern. Not onl% "as personnel

/ safely at stake, but e\penise 'tlteol-.t-kind"' expei
Imlental buoys \%ere at risk. Before the cpc inctent. ah

40 • _, ship had determined its own guidelines lot both deplo%
0menit and recovery. [he larger and more \er,,atile Tv&,-

m " tman could deploy buos in seas up to 24 It (7C4 i) and

I recover them in seas up to 15 It (4.6 m)_ (omparablc
limits for the Quest %%ere 12 ft (3.7 in) for both deplo\-

mernt and recoxery. lor this reason, the 14letman %sas
. • .. . ...- ' positioned at the more open (east\%ard) site, \hhere sca

B- - . . . . conditions vere expected to be more severe. As a graphic

illustration of the potential buoý recovcry problem. lig-
ure 6 shosss U.S. Navy wac forecasts in the I t \it \ re-

19 gion for the first quarter of 1987. along with deplo\men!
--10:• • and recovery limits for the two ships. (learly, daily re-

covery of buoys in January or February \Nould not have
S10" 0 been feasible, esen during the relatively quiet 1986-17

60~ winter.

CD
'0 LEWEX LEWEX WIND AND WAVE CONDITIONS

-I By the onset of the experiment, four independent
"sources of North Atlantic wind fields \vere available to

04
40 10 52

Thin ice limit

Thick ice limit

Quest Tydernaii

60 40 20 50-
West longitude (deg)

Figure 3, Probability of significant wave height exceeding 20 ft
(6.1 m) in the North Atlantic. A. January. B. March. Ti Gander

A*0Z

A B___ __ 7

,, T 4, > , I

S40 C 3 2(
S20 > 44 ! ..............~~~44..... a ............ . < .. .... . .... ,..............

z0 56 54 52 50 48 46 44
0 2 West longitude (deg)

60 40 20 0 60 40 20 0 Figure 5. Ice field in the LEWEX region on 10 March 1987

West longitude (deg) (adapted from Canadian Atmospheric Environmental Service
data). Also shown are the ship tracks of the Quest and the Tyde-

Figure4. Monthly averages of significant wave height for the man from St. John's to their LEWEX sites. The two aircraft
North Atlantic in March irom Geosat. A. The year 1986. 8. The departed from Gander to rendezvous with the Tydeman. usual-
year 1987. ly around 1200 UT. "Thick ice- is greater than about 1 m
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drive six separate wave models, three in North Americaand three in Europe. Even though some models %%ere
driven well after the experiment itself, the results pros ide
a good estimate of the confidence limits of modern wave E f
forecasting. Figure 7 shows the wide spread in 12-hour
advance predictions in SW H from four models at the
Tvdeman site from 0000 UT on 12 March through 12X00
UT on 19 March. Each model was driven with separate
wind field estimates, but all winds were derived from E 4 ."
essentially the same set of available ship reports. Table Y I-

1 summarizes salient features of the data sources and 2
the pedigree of the wave models. Also included in Figure c
7 for comparison are the measurements from the Nor-
wegian Wavescan buoy, moored at the Tvdeman site 0 12 13 1 15 1 6 C9
from 0430 UT on 14 March until 2200 UT on 18 March. M '87

The disparity among estimates in even such a simple Fiure 7. Twelve-hour wave hefgrt forecasts during LEvvE,
descriptor as sWH aptly illustrates the need for improved from four different numerical wave models, each using its own

forecasts, Although each forecast correctly predicts the estimate of the wind field (WVAM with ECMWF winds in red. ODGP

passage of two events separated by about three days, with OOGP winds in blue. GSOWM with FNOC winds in green- and
individual predictions of the strengths of both events vary UKMO with UKMO winds in orange). Also shown are measure
by nearly a factor of 2, and predictions of passage time ments from the Norwegian Wavescan buoy im purple)
differ by up to a day. Because each model was driven
by a separate wind field, individual model performance Table 1. Sources of wave forecasts in Figure 7 using indepen-
cannot be assessed from these results. Neither can the dently generated wind fields
model estimates be compared with measurements for the
earlier and stronger event, since the Wavescan buoy was Model* Generation Source
deployed too late to capture the first peak. Differences
are just as likely to be caused by the wind fields as by GISOWN First Fleet Numerical Oceanography
the model. To investigate model differences per se, a Center
common t.EWEX wind field was created to drive all wave First Ocean Weather, Inc.
models with identical winds. As some of the subsequent tK%10 Second U.K. Meteorological Office
articles in this volume indicate, the variability seen in
Figure 7 was caused at least as much by the wind fields Range Weather Forecasts
as by the models. This conclusion was, in fact, one of
the clearest results of I.EwEx-that wind field errors re- (,SOwM--Global Spectral Oiean Wave Model
main one of the single largest sources of forecast errors, oix;p-Ocean Data-Gathering Program
often masking all the potential advances made in wave t; sin-United Kingdom Meteorological Office

waM--Wave Model
model physics over the last three decades.

Although [EWFx was concerned peripherally with
wave height estimates, its central interest was with the character. In fact, at least six or seven separate, spatially
associated evolving directional wave spectrum. Figure 7 and temporally evolving wave systems were passing
suggests that multiple wave systems were present at the through if tw'x during the seven-day period, each hay-
Tydeman during ti.wr-x, but it reveals nothing of their ing a characteristic persistence of from one to three days.

~ " " "• • i• n 7
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Usually two, but occasionally even thrce, separate wave borne -, xl< couhl mak: rcliablC Vsil altcs ot the %.cc%[of
systems coexisted at least in some of the model estimates. ssave number at sufficient densilt, it might bt it: ,ibl:

The complete time history of the evolving directional to infer crror, in ftie ecueratig kid hield I licsc fite.
spectrum cannot be conveyed in only twvo dimensions. ences ,,,ould be much more direct than could bc aC:coni-
Even the evolution of the dominant wave vectors (their plished with significant ýsave heighv estitnate froni ,al-
wave number, direction, and amplitude), however, con- ellite altimetry, ,,inoC the s-x estmniates imlplicitl\ contai
veys much of the information about the multiple generat- the velocities of all ec'tor 1%ac numnbers.
ing sources that are totally lost in a simple time history EXAMPLES OF LEWEX
of S\\H. Figure 8 is a graphical format, further refined
by Gerling in this volume, that attempts to capture the DIRECTIONAL SPECTRA
temporal wave history of I tl.i*x at the Tydeman. In this Figure 8 shows howk the dominant peaks ol the seoen
figure, the logarithm of the dominant wave number (con- (more-or-less) separate 'save sksteis, of, I Ii x e dolved
verted to equivalent wavelength and wave period) is plot- in time. The figure also shovks sample times of the three
ted against time. Vector sets whose base positions repre- aircraft remote sensor!, dail\ at about lt) 12WL \%hen
sent wave number, and whose direction and amplitude possible) and the intervals over Muhich the iso moored

correspond directly to their counterparts in vector wave buoys were operating. The wave number colution is
number, separate naturally into nearly autonomous only schematic, of course, since substantial scatter existed
clusters. The behavior of these clusters can reveal much among the various estimates, and the evolution at the
about their generating sources. For example, in Figure Quest was measurably different from that at the TVde-
8, negative slopes (wave vector sets with decreasing wave man. Nevertheless, the figure suggests that daily sampl-
number versus time) suggest developing, locally wind- ing by the remote sensors, if that would hase been pos-
driven waves, and positive slopes suggest dispersive swell sible, would have captured the dynamics of all but the
arriving from a distant source. Within a cluster, negative shortest (< 1() m) wave systems. For various reasons
slopes are associated with wave growth, positive slope ~ith alluded to above, daily sampling from all three sensors
time and place of wave generation, and minimum wave was impractical. However, at least one sensor flek on
number with time of closest approach and maximum each of six days, at least two flew on four days, and
generating winds. These associations suggest that clusters all three flew on two days. On all but the first flight day,
of evolving vector wave numbers contain specific infor- collaborating buoy estimates were available from at least
mation on the nature of the generating winds. If a space- one and usually both of the ships.
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Figure 8. Temporal wave vector history of LEWEX at the Tydeman, showing the evolution of several distinct wave systems, along
with the approximate times for both aircraft and ship measurements. The Tydeman moved to the Quest position late on 18 March
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The most dynamically interesting conditions occurred source of! ase energy. Without sufficienlyV dense wind-
around 1800 UT on 13 March, just after the first (trial) tick! monitoring over all the potential generation area,
SAR flight, and before either of the two ships were in (Rpically hundreds or eoen thousands of kilometeis from
position. At that time, diminishing dispersive northerly the site), no wind field can be certified a•, being accurate
swell was yielding to strong northeasterlies that were in and complete. In the next fe%% years, satellite scatterof-
turn being overtaken rapidly by a strong south-south- eters will alleviate, but not eliminate, this problem, since
easterly system. Figure 9 shows a spectral comparison the (unknown) surface wave field influences the scatter-
from nine separate wave models at 180) UT on 13 ometer wind algorithm through the surface drag relation,
March, all driven by a common wind field, which at the and fine-scale wind field variability, although extremely
Tvdeman was turning from northeast to southeast at important (see the panel discussion in this \olume), is
about 6°/h. In this rapidly changing wind field, large typically unknown.
differences among models appear. Although some mod- At 12(X) UT omi 17 March, near the time of the second
els retain a substantial component of old swell (e.g., both peak in s\ ti (Fig. 7), the directional wave spectrum was
first-generation models, the NOAA second-generation simultaneously estimated at each ship by the full set of
model, and the NASA third-generation model), others sensors and models. Figure 10 shows this full set of
show a nearly completed transition to the fresh wind- twenty-live spectral comparisons at the Trvdeman. Here
driven system (e.g., the second-generation U.K. the format is similar to that of Figure 9, but in a linear
Meteorological Office tUKriI model and the third- normalized wave number plot. The figure clearly illus-
generation Bedford Institute of Oceanography imio trates a number of inherent limitations in both sensors
model [WAN with ice-field modeling]), and models. Figure 8 (schematic only) shows two nearly

Unfortunately, no simultaneous measurements of the opposing wave systems (one from the south, one from
spectrum were available, but even if they had been, un- the north) passing through t tvwt-x at 1200 UT on 17
certainties in the wind field would have cast doubt on March. From Figure 10, depending on which of the twen-
any attempt to determine absolute model performance. ty-five estimates is assumed to be true, one can conclude
Again, this uncertainty in the driving wind fields per- that either of the two wave systems, or various amounts
vades LEWEX and would pervade any similar open-ocean of both, were present. Moreover, estimates of the ditcc-
experiment in which the far wind field was an important tion of both systems vary by up io 450. and estimates

of the spectral width (in - Ath wave number and angle)
vary by more than a fak r of 3. More specific conclu-

GSOWM -ODGP B10 sions than this are not justified, since the spectra are all
individually normalized to the spectral peak, and a linear
display will not expose broad-band, low-energy systems
in the presence of strong narrow-band systems.

Even so, systematic, and sometimes curious, similar-
ities occur among spectra:

1. Aside from the 15 direction anomaly, the Wavec
.M B drifting buoy and the Wavescan moored buoy give es-

BMQ FSC sent~ally identical estimates, while the Endeco driftinu
buoy and the ship radar agree with each other in direc-
tion, but differ radically in angular width. (Note: The
Endeco buoy was the only buoy not analyzed by maxi-
mum entropy.)

2. Again, aside from a 15* to 300 direction anomaly,
the (radially ambiguous) aircraft estimates, including

HYAVAG NOAA both the low-altitude (a range-to-velocity ratio of about
30) and high-altitude (a range-to-velocity ratio of about
50) SAR, agree with one another and with the Wavescan
and Wavec buoys.

3. Each of the six wave models. %%hen driven with
one of four separate wind fields, produces a dominant
northward-traveling system, opposite to that measured
by the buoys, and also differing from one another by

Flgure9. Directional frequency spectra at 1800 UTon 13 March up to a factor of 2 in wave number and up to 45' in
from nine separate numerical wave models, all driven by a com-
mon wind field. The logarithm of spectral energy density is sepa- angle.
rated into evenly spaced contours, with each spectrum 4. The nine wave models, when driven with a coni-
normalized to its individual peak. The radial dimension is propor- mon wind field, all produce similar (but not identical)
tional to the logarithm of frequency, with the outer circle at a estimates, but they too are all northerly, contrary to the
frequency equivalent to a wave number of 27r/50 rad/m. Circles results of the buoys.
are separated by factors of 2 in equivalent wave number; con-
tours are separated by factors of about 2 in spectral energy den- One explanation for this curious set of anomalies is
sity (m2 .s2). Arrows indicate strong easterly wind at the time that insufficient strength and/or incorrect tinting was as-
of the estimates, signed to the wave-generating region to the north. Alter-

9
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HYPA (smoothed) AG HYPA (smooth~ed) VAGNQ

Figure 10. Twenty-five nearly simultaneous and coincident estimates of the directional wave number spectrum at 1200 UT on
17 March at the Tydeman. Ship-based estimates are at upper left, aircraft estimates are at upper right, model hindcasts with sepa-
rate winds are at lower left, and model hindcasts with common winds are at lower right. Buoy frequency spectra have been con-
verted to wave number spectra through the deep water dispersion relation, Spectra are individually normalized and are linear in
wave number and spectral energy density (M4), with the outer circle at 21r/100 rad/m. Contours are linearly spaced. Model winds
(3 to 10 mls) are shown by the arrows; estimates of significant wave height are shown by the vertical bars (full scale is 10 m).

natively, all models may contain a common error in their over long distances, and causing distant swell to arrixe
propagation algorithm, creating excess spatial diffusion early (see the panel discussion in this volume).
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Regarding the variability within the measurements, tihe 1200 UT 1500 UT 1800 U r
evidence suggests that the true wave spectrum was highl.
variable in both time and space, but that significant 4,

directional biases also occurred among the buoys, occa- ,

sionally as high as 45'. This degree of natural variability
and cross-instrument variability was somewhat unexvct- .... ,
ed. A further set of estimates two days later, however, .
suggests that the variability was not unusual. At 1200
UT on 19 March, after the Tydeman had left its origi-
nal position to rendezvous with the Quest. both vessels ... .. .,

encountered simple unimodal swell from the southwest
with an SWH of about 2 m. Figure II shows spectral es- - -.
timates for a six-hour interval from three separate buoys, . .
all processed identically by the maximum entropy meth-
od. All three buoys were located within a few kilometers -• '
of one another over the six-hour interval. The evidence
indicates that the Wavescan buoy was biased 150 from k . -.

the other two, but also that the spectrum varied up to .
150 in a three-hour interval. Thus, discrepancies of up '-.

to 30' between model and measurement are within the
possible measurement error. " . - . . . .

Figure 11. Three sets of three-hourly wave number spectra
LESSONS FROM LEWEX (converted through the deep water dispersion relation) from

three directional wave buoys at the Quest location on 19 March
Many of the results and implications Of L.EWEx are 1987, all processed identically using maximum entropy. Spec-

expounded in considerable detail in the following articles tra are plotted in a form identical to that of Figure 10. Top row:
and also in the panel discussion. However, a few com- Wavescan buoy. Middle row: Wavec buoy No. 1 Bottom row:
mon threads appear throughout many of the articles: Wavec buoy No. 2.

1. Wave model forecasts often disagree with one an-
other because the models are not driven with identical
winds. Even though the various wave model forecasts
may be derived from identical sets of surface reports, niques will yield its own transformed version of the
the surface wind field and associated wind stress that temporally and spatially varying directional spectrum.
result from a sparse set of reports apparently leave much Each will have its own unique spectral and spatial or
room for interpretation. The wind field differences often temporal resolution limits, and each will have its own
overwhelm model differences. Perhaps as a direct result, unique instrument transfer function. Individual spectral
there is no compelling evidence from LEWEX that fore- estimates must be interpreted in the perspective 3f the
casts from third-generation wave models are more ac- appropriate (and not necessarily linear) instrument trans-
curate than some of their predecessors. The largest model fer function.
differences, not surprisingly, arise in dynamic rapidly 4. Forecasts of directional wave spectra are unlikely
changing winds that produce various combinations of to improve, even with perfect wave models, until both
swell and wind sea. In such circumstances, the surface the wind field and the wave field estimates improve.
drag depends strongly on the surface directional spec- Some integrated properties of the wind field may be
trum, especially when the wind sea is in an early stage deduced by monitoring the wave field it produces. With
of development, satellite radar remote sensors, because wind field esti-

2. The directional wave spectrum in the open ocean mates are wave-dependent and wave field estimates are
is often multimodal. The waves in such cases are inade- wind-dependent, any wind-wave inversion process must
quately characterized by either their significant wave be iterative. The iteration process will more efficiently
height or their one-dimensional (or unimodal) spectrum. converge with accurate satellite estimates of the complete
Vessel motion calculations and safety risk factors derived directional wave spectrum, rather than with simply the
from a reduced version of the two-dimensional (direc- total significant wave height.
tional) wave spectrum will also be inadequate. Especially 5. The temporal evolution of the dominant wave vec-
in coastal regions and in regions of strong currents, an tor at a given position is well-behaved. In tLEWFX, the
accurate estimate of the directional spectrum is essential wave vectors usually separated into autonomous clusters
to calculate the stresses on marine structure. associated with individual wave systems. The analogous

3. With a few important caveats, the directional wave parameter, the spatial evolution of the dominant wave
spectrum can be estimated adequately on the ocean sur- vectors at a (virtually) fixed time, can be monitored with
face with directional buoys and ship navigation radars, either a spaceborne SAR or ROWS and will also separate
and remotely with radar remote sensors that include the into similar clusters associated with individual wave sys-
surface contour radar, the radar ocean wave spectrom- tems. The behavior of each autonomous cluster will con-
eter, and the synthetic aperture radar. Each of the tech- tain important clues about the properties of its generating
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wind field and will therefcie become a vital part ol'any USA I-nd

inversion strategy. 125, eal-

6. With the proper geometry, spacl-horne S.R can uo ENi RS
Japangive unique high -spati al-densit y estimates of the evolving too J= Norfl America

directional ocean wave spectrumn over global scales. Un- JERS I Europe, Japan
fortunately the technique will be severely constrained Legend ESA

75 actual or planned - O
by sub-optimum geometry in nearly all of thle space plat- concept stage only --
forms planned during the next decade. For ocean wavae > iUSSR iniernatronai
monitoring, the SAR works best in a low-altitude (<300) Al~aC -1 .2 Spectrasat?

kin), near-nadir (<300) geometry, where its transfer I S I-

function is most predictable and where its range-to- cc 25 ! s IH SLSRC

velocity ratio is low. As Figure 12 illustrates, SAR'S With iUSA. Germany
a low range-to-velocity ra tio are rare, because the in- iL. ....

creased drag resulting from a low-altitude orbit requires 19 90Year 20
active drag compensation to maintain a stable altitude, Figure 12. Minimum range-to-velocity ratios of most known
and such a requirement appreciably complicates the sat- past, present, and proposed scientific spaceborne SAP MIS-
ellite design. Nontheless, such a low-altitude dedicated sions, since 1978. showing associated sponsoring countries or
satellite is perfectly feasible' and in fact will be neces- consortia of countries. ERs: European Remote Sensing Satel-
sary if SAP is to realize its full potential for global ocean lite: JERS: Japanese Earth Resources Satellite, tos, Earth Ob-

wave onitoing.servation System: siR: Shuttle Imaging Radar. SRL Space Radar
wave onitoing.Laboratory.
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S. PETER KJELDSEN

THE PRACTICAL VALUE OF DIRECTIONAL
OCEAN WAVE SPECTRA

Multimodal directional seas, which often contain steep nonlinear wave groups, can create a more se-
vere vessel design environment than simple unimodal directional seas. Using a multimodal description,
a method to forecast steep wave conditions that adversely affect the operation and safety of ocean ves-
sels is presented. Modern wave laboratories can accurately simulate multimodal directional seas to inves-
tigate the motion response of ocean vessels to realisti.: forcing functions.

EXAMPLES OF SENSITIVITY TO A unimodal directional sea contains only one wave
DIRECTIONAL SEA STATES system with directional spreading. Design applications

very often use a two-parameter directional spectrum with
A three-dimensional sea state can be well described 900 spreading described by the function cos2'- 0/2,

statistically by its directional spectrum. A multimodal where s is the directional spread parameter. The
directional sea state is defined as a sea state that gives Labrador Sea Extreme Waves Experiment i etr. full-

two or more distinct energy peaks at different directions, scale sea trials demonstrated the inadequacy of such sea

Wind seas and swell systems from different directions scale selsngemore te inade of shea

often occur simultaneously and can be identified easily state modeling. More complete knowledge of the various

in standard polar spectral energy plots. modes contained in a multimodal directional sea state
can reveal strong variations in ship response with head-The directional spectrum has become appreciated ing, and can result in a substantial improvement in ship

more and more in recent years as an important engineer- operability.
ing tool. For example, Marintek A/S began simulating The most severe limitations of a unimodal description
directional wave spectra in its Ocean Laboratory (model for directional spectra, however, appear when designing
basin) in 1980. Much evidence now indicates that direc- weather-vaning systems for ocean vessels or dynamic po-
tional seas can produce a more severe ship design envir- sitioning systems for semi-submersible platforms. The
onment than, for example, simple long-crested seas with design requirements for such systems generally become
identical significant wave height, H,. Simulation experi- more severe in multimodal directional seas, since moor-
ments have shown that, for a given H_, torsion mo- ing forces are functions of the slow drift in surge, yaw.
ments on a tension leg platform are larger in directional and sway motions.
seas than in seas approaching from only one direction.
Similar results were found for an offshore loading system MULTIMODAL DIRECTIONAL SEAS IN
consisting of a double-articulated riser connected to an COMBINATION WITH CURRENT SHEAR
offshore buoy, a storage tanker, and a shuttle tanker, In Norway, twenty-six trawlers and freighters were lost
in which directional seas produced yaw motions that in capsizing accidents in a period of only nine years. Al-
created large forces and moments. Such large forces were together, seventy-two lives were lost. The shipwrecks
not present in long-crested seas. Knowledge of wave from these and other accidents are not randomly distrib-
directionality is also important to assess accurately the uted along the coast of Norway, but are concentrated
accumulation of fatigue damage on North Sea steel jack- in the twenty-four specific areas illustrated in Figure I.
et structures.2 Directional information is essential to es- Wave refraction calculations confirm that these areas
timate phase lag and coherence between sea loading and have a concentration of wave energy during certain
the response of various members of a spatial jacket weather conditions. Most of these areas can be classi-
structure. fied as part of the shelf and coastal waters, w here g, avity

An accurate description of directional seas is also very waves interact with strong currents and local topog-
important for calculations of sea loads on ship hulls. raphy.'
Fukuda3 compared results for vertical bending mo- An encounter with a steep wave condition can be dis.
ments on tankers and cargo ships in both long-crested astrous, even for a large ship. In September 1979, the
and short-crested directional seas. Clarke, Price, and Norwegian ship Austri, loaded with a cargo of pig iron.
Temarel' performed numerical simulations of bending was suddenly hit by a large wave break~ng over the star-
moments, including slamming and whipping effects, in board bow in the narrow passage outside Slettringen in
a frigate hull driven by various directional spectra. Sea area 15-Sognesj6en-in Fig. I. The s iip heeled over
states with large directional spreading resulted in smaller by nearly 30* and, before it could restore itself, was hit
bending moments. by a new wave from another direction. The new ,,,ave
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N2

9 Area Area
nuimber name

10 1 ai
11 2 Tanafiorden

3 Nordkirn
12 -1 4 Bresunde_

5 Lopphavet
13 6 Sveinsgrunnen- ..-

14- - Malangsgrunnen
15-- 7 Lofoten

a Vestfjorden Figure 2. The Norwegian ship Austni (499 gross register tons),1{6-487___ 9 Foila which capsized from waves in area 15 of Figure I and subre-
17 10 Gripholen quently broke into two pieces

18 24 1, Hustadvika
22 12 GodO

19 13 Stadt
14 Buefjorden able times and locations both on the shelf and in the

20 23 2 15 Sognesiten
16 Vikingbanken coastal areas.
17 Sletta In December 1984, the freighter Sun Coast was lost18 Skotamredgrunnen he u _atwsls
19 Siregrunnen at Stadt in area 13 of Figure I. The sessel encountered

20 Listafjorden two large breaking waves, which caused the cargo to
21 Lista shift. Only four of a crew of six were resfued. A court
22 Ryvingen
23 Skagerak Vest of inquiry' revealed that steep transient wave condi-
24 Faerder-Tvistein tions can suddenly and unexpectedly occur at this loca-

Figure 1. Twenty-four areas on the Norwegian coast that are tion, when waves arriving from certain critical directions
the sites of steep and dangerous waves during certain weath- are influenced by the local topography. On this occasion.
er conditions (depending on wave direction, wave height, and a large current eddy had been located in the vicinity (see
the position of coastal eddies). Fig. 3). Similar eddies were present in seventeen of the

twenty-six cases where ship accidents have occurred dur-
ing a nine-year period.

increased the heel to nearly 40%, causing the cargo to In an attempt to reduce such accidents, a mathematical
shift, and the ship had to be abandoned, with no emer- model to forecast steep wave conditions off the Nor-
gency calls transmitted. Shortly after, the rescue float wegian coast has been developed. Trial forecasts have
capsized in surf near the shore and five lives were lost. been produced that can warn mariners of severe steep
The abandoned Ausiri with its shifted cargo was in fact and breaking wases. Tthe mathematical model, developed
quite stable, and maintained a list near 80%, although as part of a research program entitled "Ships in Rough
it drifted and turned until it struck a rock near the shore Seas," is based on extensive model-basin waae-focusing
and broke in two (Fig. 2). A court of inquiry6 later experiments. The ultimate stability of small vessels in
showed that the vessel had been passing through a focal beam seas is directly related to the crest front steepness.
point in one of the wave refraction areas. f, of the approaching wave. The crest front steepness,

Storm surges and related effects may, at times, give as obtained from a surface elevation time series, is de-
rise to an unusually large flux of water in the Norwegian fined in Figure 4 (f can also be defined in space").
Current that travels up the west coast of Norway. The Figure 4 also shovs how rms crest front slope. f.....
current meandering is enhanced by a sudden outflow of is directly correlated with the properties of the directional
brackish water from the Baltic Sea, and develops to an wave spectrum and can be calculated from in, and in.
unusually large scale. With westerly winds, a setup oc- the zero:h and second spectral moments. Using such it
curs in the Baltic Sea, and a sudden change of wind relationship, crest-front wave slopes can be forecast, in-
direction can then release a volume flux of up to 1.4 x eluding refraction of the directional spectrurn by both
10 m3/s. This front travels about 30 km/day north current meanders and local topography. Such forecasts
along the Norwegian coast, producing large eddies with are based on estimates of "critical threshold %alues" for
diameters of up to 100 km.' The passage of such ed- both wave direction and wave height for each of thc
dies creates very large current velocities even at great twenty-four areas shown in Figure 1. Daily forecasts are
depths. Such unusual meandering is observed by satellites checked against critical threshold values stored in a data
equipped with infrared sensors that measure the sea sur- bank. For each area, a forecast of critical wave condi-
face temperature. Interaction between gravity waves and tions for specific types and sizes of vessels derived from
the eddies can lead to the development of dangerous, model experiments" can then be prepared. The general
plunging, and breaking waves in deep waters at predict- mathematical model" that takes account of the effects
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of multirnoda~l d cttiona] seas, and strong touciav uint
is not limited, of course, to Nor'sc g~in u~atcrs - Similar

areas v ith crifical ),%& conditions cci off NecA found-
Daa 2oiea~o a land and No\ a S,,otia, (reeniland, Alaska, ('hie. nor h,

swaes cor~a- g "-ea.4 waves *west India, and southeast Afrtca--the last c~aused vihen
C -o.%sell fromt the Souithern (kecan encounter,, the strong

Z . -, i . Aull-ivs Current.
5! _J-r, The i t \%F\ expecrience supporis, the alid~iy of the

0 0 094 . 2 forecast model. During t isi \. a steep crit ical Wa% e 'Aas
ZZA5 Ti9 M

&el'"" ters oe'O ~~e measured near 42.5*N, 55.0'% in a strong current sheaf
where the Labrador Current from the north meets the

r T, ('' ulf Stream from the south. Other example, oif inca-
2n. sureinents of critical wases are giken in Ref. 12. An ex-

Go, 003 0134 pert committee of the International Ship,, and Off'shore
lvea' wave s~ooe Structure,, Con.-re~ss has recommended use of the

crest-front steepness parameter in future analttecal. ex-

Flgur*4. Root -mean -square value of crest front slope, e.etl n ulsaesinii:wi

as a function of the zeroth and second spectral moments LEVE-N SEA-KEEPINGJ TRIALS
m- and m2 repecteivl (g is the acceleration caused by
gravity) Data were obtained wiih a wave radar ,nslallerd on Fl~tl-scale sca-keeping tr-ials were performed in iki
a platform on the Norwegian Continental Shelif Results from "sitli the research vecssel, IVN1 MS Tvrdefnn and the
eight time series that contained freak waves are plotted For CY-AV Quest at three separate locations: concurrent
!his work, a freak wave is defined a., a wave tna height
gfeater than twice the significant wave height. s. The deb.- wit>hsde e-keeping trials were peformed at two
nilton of crest front steepness, . for single waves is shown of thle three. Ship motions in si\ degrees of freedom were
in the tower left corner, as obtained from su'fa~eý elevatior, measured independently by four teamns of scientists, two
lime series The term -, is thie wave crest elevation. T:- is on each %esl lultimodal directional seas were inca-
fihe zero downcross wave p~rlod , is the wave ~h~veiocitv
and T is the time fraction between the Zerouc~sns sured Simutlt aneousl\ with many independent sensors.
lion and the crest position IZ is the vertical cowrdinate inea- Subsequently, a statistical estimate oif the multimodal
sured from mean water level and I is the time coordinate) directional seas served as an input to model basin c\-
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periments at Ntanintek. "' Ultimnately, ,ix legs front the double-flap, ýý.oc gcflratol sca- kc plingt- aic per
full-scale sea-keeping trials, each of 20-trnn duration, lorinecd if) the ba~lr "ilth ..o1rict eOitwlied frI
were selected for simulation of the h'detriarr inotiow. rutllinnsý nio0delv %'10del speed, Il adliig_ flh U.0rol,
at a 1/30 scale, hCase, ',a. Urg, Mnd sawN are MeASUIed Jcý,ratdct

bs all optical positioning vstý i Ustlig infi at ed lighlt

IMODEL EXPERUIMENTS IN %IUI.TIMOI)AI. "-"' id5SlSII~NC iirsisalda h

DIRECTIO AL. SEAStesting and tuninlg of actis e anitiroll fins- arid alipion
The directional ocean wave model basin at \larintek and d) nanilc posNJtlolnllg 1%VCsteni, QuanijtltlCeSU, su 0 a, et -

is 80 mn long by 50 m wide anid is equipped with a hN - 11al anid lateral a,4ctckiatloll, proixelkr speed. Shall
draulically controlled movable bottom, permitting ex- torque, rudder tor;ce arid anlgle. quantmý or "Wte oil
periments at any depth between 0.3 and 10t) m. The basin dec:k, and asnount of slamminitg can all bt tmonitored.
is equipped with two wave generator system,,, vhich, 1-igure 5 shows, moldel res'ults when -slimulating! the conl
when combined, can produce mrultirnodal directional dition-5 encountered b-, the: Idt'ertlatf at %4110111 head
seas. Directional sea systenms are simulated using a %a% c ings tin i w i \ on 14 lauih. Figu.- 'A ý,owks the ge-
generator that drives 144 Identical flaps, each indisidu- omletus The amvociated! directional wase sqectrurn is
ally controlled by an interaciive computer system. O.ne shown tin Figure 514 a-, measured b\ the Norw4efzan
hundred twenty different frequencies are combined to Wlavescan buos. A dirw~ional spectral mocdel with all
produce a specified directional ocean wave spetrum, ý angular spread of' 50' w as used !o simiulate thle
The basin is also equipped with a 50-rn-wide hydraulic Wasesc~an-menasured spec\trum., Pitch ndroll motions

AA

C D

Figure 5. Results of Tydeman sea-AA
keeping experiments during LEWEX.
14 March 1987. Results of model ex.
periments are compared with full
scale measurements from Refs. 17
and 18, A. Definition of 0l. relative
heading (0' =head seas. 5 -
90* = beam seas). S. Directional o~
wave number spectrum (in4 ) from B;: 4
Wavescan buoy at 1459 UT. H, 4(
3.7 m. Spectrum is shown in direc-3
tion from which waves are propagat- 3E
ing. 15 C. Pitch motion versus2
heading. 0. Roll motion versus 2 "*

heading.

0 '30 C;0 90 0 30 E, 9'

x-x Full sc n 'rrVr!Sb h uhriarid$

6 FuI-scae ~ hm~ns by France"

-. Modei cxpe'r~rewt by Norwvay
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are shown in Figures 5C and 1) as functions of'relatise from 146'. [of (fhe wnd vea, H, "a,, 2 4S III. and tot
heading, using results from both model experiment-, and [thc swell fI al.h3 IIIn mthat simlulal tion
full-scale measurements. Agreement between modeled I hII Viniouniter ssasc llequerkx ' N, , h (Is V e i- %
and measured motions is better thant 0.5* inl tus out Of tre4i4UenlcN 0104unteted if' [the !eeenralle ot the 01hi11
six cases. 1indicated that thle Ivkw 1,1 as~l quLIte d0%e !0tsoa

Figure 6 shows ant example from 23 March, whi len both InI bothi roll "lnd pitchi I iinhat situation- I-or examiple, it
the Tdetrnan and the Quest were executing parallel sea [the %% IdI speed had Iitii4ced shightl" troll 11 in) tot

triails, with motions of> each monitored independentls Jn 1.3 in1 "(26 ki 1, its '",cidted equitihbriumi spec.truml would
a very complex wave situation. Figure 6A shows inca- hase produced iesonances lor the speetd and hecaduig
sured pitch motion as a function of relative heading. kalues Illustiraled 1) FIleure WC %% W)h the ship at a hevad-
Each of the independent sets of measuremnents is in e\- .ing direetl\ into the primats sea at a sixeed ot I 1 6 ki,
celient agreement for each vessel. A single data point11 resonance: occuts sintnultaneous\ inI both pitc~h and roll,
from the model basin experiment per-formed at Niarintek Conditions are not much itinprosed it fthe ,hill is at b
also shows excellent agreement with the full-scale inca- and heading instead directlN into the s\%ell at a speedW w
surements in that very complex directional w4ave system, 9.9 kt. again, there arc resonanl'.cS 11 inbth roll mid pitch-
as shown in Figure 6B. For that simulation, a simpli- suc:h anl assessmleni tt ot ;otenltial resnace risossible.
fied model of the directional waie spectrum \was used, of course, onil) %ith a detailed knowledge kit the multi-
with a wind sea coming from 560 having a 32' (aver- modal direictioal spectrum. lIt this examnple, the swiell
age) directional spread superimposed on a swell coming \-a,. nodeled at 11, 3.0 mn.

A a0010-- - k---

2S

CL experimentr

o 30 60 90
Head Starboard Beam

Relative heading, 8 (deg) t-0 005
Key:

N Tydeman tutl-scale, measurements by The Nethertands'
*Tydeman full-sc-ale measurements by France"
ATydeman model experiments by Norway -- 1

8 Quest full-scale measurements by Canada"' -0 010 -0005 0 0005 0010
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Figure 6. Results ot parallel sea- \Ship heading Wind sea
keeping experiments with the Quest 30t 6a, H 4 1 m
and the Tydeman during LSWEX, 23 Ný_ 10~ 9
March 1987 A. Model experiments /1 ( enwv tiC o
compared with full-scale measure- a 56tn~ispfn
ments, from Rets. 17-20.8B. Directin 270, 90 32as
at wave number spectrum from West Es
Wavescan buoy at 1759 UJT_ C. tIfus-
tration ot Tydeman headings and /Sasse
speeds that would produce reso- Sasse
nance conditions- The ship at a is 240 ý Swell
traveling toward wind sea at 11.6 kt; :' 3 0 m
the one at b is traveling toward swell ~.T 106Os
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S. P. Kietdsen

Long-term wave statistics for the North Atlantic show LEWEX, 8 Mar 1987. 1500 U1
that bimodal seas occur about 40,'o of the time. Naviga- H, ý 9 47 m
tors normally adjust both speed and heading to avoid Tp,.A = 14.9s

large motion responses. As the above example from Unidirectivity index 0 90 A

tEWEX illustrates, however, multimodal seas limit the Wind speed. 24 8 rms

available options and compress the range between best Wind diection, 273-

and worst headings. Multimodal short-crested seas may .M .L.EWEX. 14 Mar 1987, 1459 UT /

even introduce an unexpected heading-versus-response
dependency, for example, as experienced by the Quest .- r,12 o s
during LEWEX (see the article by Nethercote in this vol- ' 3 id 9
ume). Full loss of operability therefore becomes possi- 2W3d speed, 11 's
ble in much lower sea states than would be predicted ,L Wind direction, 130- "") 24.3for a unimodal directional sea. E 2i- /

NONLINEAR SHIP MOTIONS ,
One goal of LEWEX was to explore the limits of linear ,

sea-keeping theory, for which rms pitch increases linearly
with increasing mean wave slope if the wave frequency
an d the sh ip head ing and speed are co nstants. F igu re 7 0 -.. . . . . . . . . ..

shows full-scale measurements of rms pitch as a function 0 0Mea 0 02 0w03

of calculated mean wave slope taken on each of seven

days during LEWEX. On 8 and 14 March, both the speed Ship motions
and the heading of the Tydeman were nearly identical. 0 Full-scale measurements by The Netherlands'

Further, the directional properties of the wave spectra L Full-scale measurements by France

(as indicated by the unidirectivity index, UI, which in- * Model expenment by Norway

dicates the percentage of total energy contained in the Figure 7. Measured rms pitch of the Tydeman shown for var-
primary wave system) ' were quite similar. Figure 7 ious calculated mean wave slopes for each of seven days dur-
also shows the results from the model experiment simu- Ing LEWEX. For ship motion measurements on 8 March 1987.

the associated directional wave spectra are htndcasted from
lating the conditions of 14 March, confirming linearities, the 3G-WAM model (personal communication, J. Ooms, Lab-
A dotted line is drawn between the origin and the results oratory for Ship Hydrodynamics, Technical University of Delft,
from 14 March extrapolating to large mean wave slopes. The Netherlands, 1989). Other measurements of ship motions
The 8 March data, however, are located above this line, are from Refs. 18 and 19. Results from sea-keeping trials withthe8 chdata, pihmotn carelyocateeo the linear nearly the same headings but with dif'erent directional spec-
showing that pitch motion clearly exceeds the linear tra are shown for 15. 16, 17, 23, and 24 March.
extrapolation.

Since linear systems driven with Gaussian inputs have
a zero-valued bi-spectrum, the energy in the bi-spectrum
represents a direct measure of nonlinearity. Figure 8 '•

shows the calculated bi-spectrum of pitch motion for " 1.660
8 March, clearly indicating the nonlinear response that C 1250 E
occurred on that day. Of all ship motions measured that 0, ,1 t' •i .
day, the pitch motion contained the most significant non- r 4• ,Y' -
linearities. 2

Very long sea-keeping runs under stationary, well-con- 76 0.0t8..,
trolled conditions are required to obtain good estimates w --- .. (rad)
of bi-spectra. Such long runs are very difficult to achieve i 0), (rad) • n

in full-scale sea trials because sea conditions often change
too rapidly. As an alternative, experimentation in a mod- Figure 8. Nonparametric bi-spectrum estimate of pitch motion
ern wave laboratory is often a more practical method of the Tydeman on 8 March 1987 when Hs - 9.5 m. The maxi.

mum value reached was 0.93 (personal communication. J. Ooms,for investigating nonlinear ship motions. In such a lab- Laboratory for Ship Hydrodynamics, Technical University of
oratory, statistics from many short runs can be efficiently Delft, The Netherlands, 1989; see also Ref. 21). The term
combined to simulate the very long sea-keeping runs of ; = 2r/r is the cyclic frequency of pitch motion. For calculation
a full-scale sea trial, of bi.spectra, see Ref. 22.

It is fairly rare to have six-degree-of-freedom model
results and full-scale trials for comparisons. Data ob-
tained from the LEWEX research program have therefore CONCLUSIONS
been proposed as the basis for an international develop- A unimodal short-crested sea is an inadequate descrip-
ment of standard sea-keeping data. "6 Several numerical tion of the driving forces on an ocean vessel, and is there-
models based on traditional sea-keeping theory will, in fore also inadequate to predict the vessel's operational
the near future, attempt to simulate the ship motions performance. Long-term wave statistics show that about
that were measured in the LEWEX research program. 40% of all sea states that occur in the North Atlantic
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lastai,s lscrc. I. I antd Klsci-i.1 's -' SItarintiA fk,wt 11,riit., Ioperation of smaller vessels. Forecasts of critical wave Isst 51(0 ll il) Nlnvc, l!,sshom 419NK)

conditions in local areas, based on calculated critical Kiptd It I tia'c 'V~ia "4iYlet-Ih tiao'saf diwir i, h I.,hrsJ-l",

threshold values for wave direction and wave height, are f-een liall, I rne('Ii I 1 0: (W510 t~l). Ifildtcai. %k~., I Jan
19S'7)

possible, but wave-current interactions must be taken I' hrý1 B" %nv~ N . and w' 'A I' lw"iR Kcis'. oi . 1"

into account. I-0& 111( Oplen AirchitEvir ii Nindasid I-ormtitoi n I(llt ... it, .~~tsi

Critical wave conditions depend on the class of yes- In Pri Z~ .-Itnenan fotig un t lai ( II ,1 I. ilieh

sels under consideration. Experience gained in carefully durifl 1 If V, M~ufti 198'. Rcrxil s,' '7W. .t ab't I, ilto

controlled model experiments can provide detailed re- H * drktvlnarmucs. ILechnical I.ntlcrsirs [iltl Ih \tiv'ihlaIri, Is l9`,>

sponse data for any class of vessels. Reir, Re-r No 2401 1987i-. ia, I ' It , I i ( arctic, I.'ra, I t';uani

REFERENCES ' li. W. F Ship loton~i. Strain, andenic IrWatwPesrs,v `Ihviurt,nsi( I1 it
Quest daurnn Li14VItE S"' Interim Iachn"il \I ntaItrandlam. Ltgel,.et Ky-cairoi

Kjeldsen. S. P_. Krogstad. H-. E.. and Olsen. R. Bi., "Some Results frm the sI tblishricrit Atlantic. Dartmouth, ( anads (Jun 19881)
Labrador Sea Extreme Waves Expeniment, " int PlotC. 21st International (on]. Z,,, FllEN ('.ial ) f (1A I Quvie ti laWste Dulas'aAs'in ,v Rctporl
on Coastal Engineering, Malaga. Spain, pp. W667 61IOun 19811). No. rR-HYD- ,' Institute lor Marime l~n v.N~ational Re'.cav

2Svertsen. K.. Thuestad, T., and Retoseth. S.. "The Effect of Short-Crested "It Joihn', Newtoiindlattd. (imavla I 191$)
Waves to Fatigue Damage Calculation." in Prtoc A1SCE Strut tures Congr's~s, t~ic t uis. Joec L., 1.1 i EX 7d'I lirndivs ling the' Exixertmi'n -- Part 11I, .'oudi
Houston, Texas (Oct 1983). o/ Ilus.' Condition~s duinng H151 I ' %dcman's lrtp oI, Sti Ptn. ogtami3Fukuda. J., "On the Families of 'WaIve Spectra for Prediction of Wave Bend die hins Siartlitno llKanco dc Datos (c~tortv. Nadrtd. Spaitt 4 '14*)
ing Moments," J. Sotc. NVav. Archit. Jpn. 120 (1966). 2Chisholm, J. S. R.. and Morris, R. MI., Mathematical klerhood if? Phtrs.4Clarke, J. D.. Price. W_. G_. and Temarel. P_. "The Intluence of Seisasa North.Holland. Amsterdamri tl1641.
Description on Ship Responses Calculated from Computer Time Simulations,"
in PI'oc. Symposiurn on LDescnption and Mfodetling of IVieraonal Seas. Danish
Hydraulic Institute rnd Danish Maritime Institute. Copenhagen, pp. 0-5-1
V-5-17 (1984). ACKNOWLEDGMENTS: The LEN% LX proirel is organized sttihtt %A I01

5Kjeldsen. S. P.. Lystad, M.. and MNrhaug. D.. Porecast (if Bretirkinif [are% as a multilateral scientific research program. Fhe model of the T~demaon in 1 30
on Shle Norwegian Continental Shelf, Norwegian Meteorological Institute and scale was provided by the Ship H',drotnechanics Laboratory at Delft Lisisersits
Marintek. Oso, Trondheim, Norway (Feb 1981). Computation: of resonant periods for roll and pitch were prov~ided b" Johtan6 Lorentzen, P., Naeroy, A., lKjeldsen. S. P.. and Mohr, J.. Reprort Jrorn the H. de Jvng of the Netherlands Ministry of Defense, The Hague, T-he Nethert
Court of biquiry after the Lois of MIS Austri 19th Sepreembr'r 1979. Niannitek, lands. Polar plots of directional spectra used in Figures 5 and 6 wiere prepared
Trondheim. Norway (1980). bý Harald E. Krogstad of Sima, SINTEU. rrottdheini Norwsv' Special thanks
"Environmental Conditions," I.S.S.C. Report of Committee 1. 1, Prix. I~rh are given to Egli Jullumintro and Carl I .Standberg [(Ir their contnbuttion% to

International Ship and Offshore .Structures Congress, Copenh~.,,eo, Denmark, the LEWEX research program during the performance (of model e'tpenntettts
Vol. 7, pp 19-4(4 (Aug 1988). in the Ocean Laboratory at Ntarnntk. I'rindhetm. Nolsvav.

19



WIND- WA VE PHYSICS

IN WHICH SOME OF THE PHYSICAL CONSTRAINTS
ON DETERMINING THE DIRECTIONAL OCEAN WA VE

SPECTRUM ARE EXAMINED



FRED DOBSON and BECHARA TOULANY

ON THE WIND-WAVE COUPLING PROBLEM

Hindcasts or forecasts of real events made %sith present-day wave models incorporating sophisticated
physics are not much better than those made with previous generations of less sophisticated models. More
complete specification of the wind input and of the wind used in calibrating the models is needed. Of
crucial importance is the relation between the measured wind speed and the wind stress (the air-sea momen-
tum transfer rate).

INTRODUCTION

The coupling between the wind and the waves, by Explanations of the primary physical mechanisms by
which energy and horizontal momentum are transferred which waves grow in the wind will be followed by a
from the air to the sea, is not strong. As the wind tray- description of some of the more recent tests of the vari-
els over a land surface, for instance, it encounters fixed ous theories that model the physics. The physical models
objects beneath that cause flow separation to occur on of the wave-generation process in use today will be seen
a variety of space scales. Together, these fixed objects to be based on incomplete experimental evidence and
act to produce a drag force, called the "wind stress," an incomplete description of the physics. Recent experi-
on the air above. A turbulent boundary layer results, ments designed to measure the development of the wave
which transfers wind energy and momentum downward. field in fetch-limited winds (i.e., blowing offshore, and

The boundary layer is well characterized by a logarith- therefore acting over a well-defined distance, or fetch)
mic increase of wind speed with height that starts from will be described, along with the methods used for
zero speed at a height related to the size of the fixed specifying the wind field. A question will be raised about
roughness elements, namely, the roughness height. Over the best wind to use in defining the fetch-limited growth
the land, the roughness height is about 1/30 the size of relations, which are scaled with the wind speed and
the largest roughness elements. At sea, a logarithmic gravity.
boundary layer exists, but in spite of the occurrence of Recent measurements of the wind stress in fetch-
large waves, its characteristic roughness is typically 2 or- limited situations indicate a strong relationship between
ders of magnitude smaller. Apparently, the marine the wind stress and the state of development of the wave
roughness is determined by the height of the rather small field. In the presence of rapidly changing wave fields,
waves that travel at, and just above, the minimum phase the wind stress at a given wind velocity is greater than
speed in the dispersion (wavelength-speed) relation of its long-fetch, open-ocean value by a factor of 2 or more.
gravity-capillary waves, where gravity and surface ten- Because the wind stress (as opposed to the wind veloci-
sion are equally important in determining the restoring ty) determines the rate at which the waves develop, most
force on the water surface. These slowest-moving waves of the modern, physics-related models use the wind stress
look the most like fixed roughness elements to the air in their prediction formulas, although most experimen-
above them; they are young in the sense that they grow tal results relate measurements of wave growth to wind
quickly. (The age of the waves is defined quantitatively velocity.
as the ratio of the wave phase speed to the wind speed. Measurements of wind stress have been made in con-
In a fully developed oceanic wave field, the age of the junction with wave-growth measurements at sea, but ex-
shorter waves, which determine the sea surface rough- perimentalists have almost always found cogent reasons
ness, is typically a factor of 10 less than that of the dom- for ignoring wind-stress measurements in favor of wind-
inant waves.) velocity measurements when scaling their results. The

The coupling is weak because, at sea, the dominant, relationship between the wind velocity and the wind
long-wavelength water waves propagate at speeds as high stress in such measurements has invariably been poorly
as that of the wind that generates them; in a fully devel- defined. The scatter in the relation is always large, and
oped sea, they travel about 20% faster than the wind explanations for the scatter have been slow in coming.
at a height of 10 m. The wide variety of wave ages found The consensus is that much of the scatter can be ex-
in any wind sea suggests that several different wave- plained by making an allowance for wave age.
generation regimes exist at once: one for the dominant The relationship between wind velocity and wind stress
waves, one for the gravity-capillary waves, and yet an- is thus a crucial one, and our understanding of it is one
other for the purely capillary ripples from which the of the critical factors in determining the accuracy of
whole process starts when the wind begins to blow. wave-prediction models. Some recent experimental wave-
Several physical mechanisms are involved in each regime, growth measurements will be scaled with various wind-
and we will discuss the important ones. velocity/wind-stress relations to illustrate the importance
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of the relation. The conclusion will be that more pre- where ('C, is the drag coefhcicnt. It (C constal"t, a,
cise definitions of the wind velocity, of its relation with is conmnonly assumed, the u.- U relation is linear (but
the energy input to the waves and to the ,,ind stress, see the section entitled "lDrag (oefficicnt")
and of the relation between the wind stress and the sea Ihe wave-coherent prcssure can be gi\ en in the totrin
state will be necessary before the new generation of wave
models can make use of their more sophisticated phys- p,, (1) og 04',, A) qTI) , C7)
ics to improve forecasting skill. Until we get the driving
force right, we cannot, without ambiguity, use better- where g is the acceleration due to gra% ity, and -) is comi-
specified physics to quantify the balance of physical pro- plex. 1 he real part of -,. Re(-j), is the in-phase compo-
cesses in a growing field of ocean waves, ieat of the wasc-coherent pressure; the imaginary part.

WAVE-GENERATION MECHANISMS I,,(
The dominant waves receive their energy from two

sources: (1) nonlinear interactions, which import ener-
gy from other wavelengths; and (2) the wind, which pro- is the omponent The vork o t wases, whr
vides the rest in several ways. The most important energy , is the water density. The variable • (' •
source for the growth of the dominant waves is thought (U/C)cos 0 is a dimensionless wind speed (inverse w a\e
to be a shear-flow instability mechanism,' whereby the age), where 0 is the wind-wave angle, and C is the wave
waves, of height ql(t), modify the airstream above them, phase speed; X = kz is a dimensionless height, where
shifting the phase of the mean airflow streamlines down- k is the wave number. The use of cos 0 indicates that
wind to produce wave-coherent air pressure fluctuations the waves are forced by the component of the wind in
p(t). These fluctuations do work on the waves at a mean the wave direction.
rate per unit area The relations given are for the growth of a single wave

component at a single frequency. Provided the compo-
aPt aE nents of the real wave spectrum are uncoupled, they can

= at . (1) be extended to apply to the entire spectrum (l < p < 5).
If nonlinear interactions between components at differ-

where E is the wave energy per unit area, and the angle ent frequencies are allowed,' or it' modifications of the
brackets represent ensemble averaging. The exponential turbulent wind profile by the waves arc permitted,' 'the
growth rate per radian of wave phase is defined as problem becomes less tractable. The growth mechanism

is thought to explain the transfer of energy from the wind
IE) \to the dominant waves quite well, although important ar-

- /oE, (2) guments remain over the magnitude of the transfer, which
Ti ) we will discuss later.

wave var- A body of theory('- also exists that explains the
where r 2orf is the radian frequency, so the generation of the very small capillaries that appear as
ance grows as soon as the wind starts up as "cat's-paws" on the sea

surface during wind gusts. Another form of shear in-a = e (3) stability exists in the flow very close to the sea surface,

where a is the wave amplitude and a, is its initial val- it is found in the thin (0.1-10 mi) layers dominated by

ue, The shear flow that supports the instability, main- molecular viscosity near the surface in the air and the
water. Strong vertical shears occur in the speed of bothtaining its form in the presence of the mean wave- the air and the water, which interact with each other to

induced momentum exchange, is that of the turbulent form waves resonant at wavelengths of about 1.3 cm,
air boundary close to the wavelength of the waves having the mini-

mum speed for waves on water (1.73 cm).U(z) = (u/K)ln(z/zc) ,(4) The mechanism of flow separation, long out of fash-

where K = 0.4 is von Karman's constant, z is the height ion as a way of making waves grow, is now thought to
above the sea surface, zo is the sea surface roughness account for some of the growth of the intermediate-scale
height, and waves, that is, the shorter-wavelength fraction of the

gravity waves. When the wind speed is high relali\e to
that of the waves, the separation of the airflow down-

u* N "T/IPa (5) wind of the wave crests shifts the phase of the mean air-
flow streamlines. This shift causes a wave-coherentwhere p• is the air density and 7- is the rate per unit area pressure analogous to that ofthe dominant-wave shear-

at which horizontal momentum is transferred from the flow instability. No one knows, for a givcn xwavelength
air to the sea, or the wind stress. The term u. is known or wave velocity, what fraction of the observed wa.e
as the friction velocity and is thought to be related linear- growth is due to short-wavelength shear instability" and
ly to the wind velocity U according to what fraction is due to flow separation. It has been

shown" that the actual separation of the airflow from
C' U2 

, (6) the wave crest can occur only if the wave is breaking.
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Thus, the mechanism will be most effective with the 1 . . .... . .. ...... ... . .
slowest-traveling fraction of the gravity wave spectrum, .
for which the ratio of wave speed to wind speed is the W
lowest.

Since the very young seas develop first, they define o 0"
not only the wind stress, as mentioned earlier, but also 2 .v
the response of the wave field to changes in the wind.
Such waves break continuously because they have
reached their maximum stable amplitude, and they are 0

in equilibrium between energy gain from the wind and a --

energy loss due to breaking and nonlinear interactions. -
Although the input of energy and momentum can have E0
little effect on the size of these equilibrium waves, their 0
drag appears to be the dominant cause of the sea sur- _2 _ ---- -

face wind stress.

One other mechanism2 has been identified by which Dimensionless wind speed, At

the waves receive energy from the wind, namely, turbu- Figure 1. The measured fetch-limited exponential wave growth
lent fluctuations of air pressure. The waves that grow rate10 -, (Eqs. 7 and 8: Re(-) is x. lm(-,) is * ) as a fur,ction of

the dimensionless wind speed ; = (UIC~cos ti, where U is the
the fastest by this mechanism are those that travel at the wind velocity at a height of 5 m. 0 is the wind-wave angle, and
same speed as the highest-energy turbulent air pressure C is the wave phase velocity. The data values 10 closely fit the
fluctuations, which are advected by the wind at a large dashed lines,9 which are themselves fits to data from a sepa-
fraction of its speed. All scales grow, but it is by a rate field experiment.
random-walk process, because the pressure fluctuations
lose self-coherence with time. The growth is linear with
time, and although the turbulent pressure fluctuations fer of energy by nonlinear interactions is unimportant.
have since been found9 to retain their coherence for The relation that best fits the data has some theoretical
times at least twice as long as the original theory- sup- justification' and indicates a square-law dependence of
posed, the growth is too slow to be considered impor- the exponential growth rate on the dimensionless wind
tant in this context, except as an initiator of new waves speed:
in the absence of appreciable swell.

Although all the various mechanisms are known to 13 ý O.O4u(u./C)-cos O . 0.25 < u.iC < 2.5
be active at different parts of the wave spectrum in ev- (10)
ery field of growing waves, the implicit assumption of
all modern wave models is that the energy input to the where the friction velocity u. was obtained from the
waves from the wind is by one mechanism only: shear- measured wind speed by using a drag coefficient wind-
flow instability over the fast-moving, dominant waves, speed dependencedb known to contain questionable

which is commonly derived from Equations 2, 3, 8, and data. d Although the coefficient of Equation 10 is

9. This mechanism, which is inoperative for the fastest- doubtful, the square-law behavior is not. The radar mea-

moving and slowest-moving waves in the spectrum surements cover the range (7.5 < < 75)of dimen-

(p < 1, A > 5), is inadequate to explain the physics; sionless wind speeds (p is obtained from Eq. 6, assuming

we will demonstrate in the next section that its use leads
to serious discrepancies with the existing field data. a constant C1) = 1.5 x 10 "), and the scatter aboutthe fitted line contains the results of the wave-induced

TESTS OF THE THEORIES pressure measurements.9 "- Further direct-pressure mea-
surements of wave-growth rates made" in the North

The various theories have been tested experimentally, Sea at values of p up to about 10 corroborate the square-
both in the field 9"" and in the laboratory (wind/wave law behavior.
tunnels). -'I Two independent direct measurements 9- ' The experimental evidence remains open to interpre-
of the rate of working of the wave-coherent air pressure tation. The square-law behavior in the wave-induced
on the waves give the same result (see Fig. I). They indi- energy gain leads to growth in wave momentum far ex-
cate that, for I < 1 < 3, the exponential wave-growth ceeding the wind stress.' Theory'" suggests that the
rate 13 = c4 varies linearly with the dimensionless wind wave-growth mechanisms in the two ranges of dimen-
speed g = U/C: sionless wind speed (I < u < 3, 7.5 < p < 75) are

different. A large uncertainty persists in the form of the
3 = 0.25wi(pa/p,.)(p - 1) , i < A < 3 . (9) parameterizations for the energy and momentum input

from the wind.
Radar measurements" in wind-wave tanks of the to- FETCH-LIMITED WAVE-DEVELOPMENT

tal growth rate of very short (1-10 cm) waves, which MEASUREMETS
are responsible for the Bragg backscatter process, clearly MEASUREMENTS
show a stronger than linear dependence of the growth Several field experiments have been designed to ob-
rate on g, assuming that, at such wavelengths, the trans- serve the development of the entire wave field under the
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forcing of a steady wind. These experiments have been 14....... ... ..•........•........... .
used to determine and define the shape of the spectrum
and its time and space development, and to provide•
calibrated fetch-limited growth laws for the modeler. The 1 .3r.
Joint North Sea Wave Project •:led directly to the de- .•
velopment of parametric models that included for the g
first time the influence of nonlinear wave-wave interac- • .
tions on wave development. The most recent models
compute the nonlinear interactions ab initio and include g
refraction and shallow-water effects. Most have been :1.1
tested extensively in the SWAxtt, (Sea Wave Modeling--.__
Project)'9 and swisat (Shallow Water lntercomparison
of M odels)'9  studies, which included not only standard 1.0 .... ... .................................... .... ..-
tests such as steady-wind offshore growth, but also tested 0 10 20 30 40 50
all the models against specific real storms, verified •*ith Fetch (kin)
at least some wave measurements. All the models were Figure 2. rhe CASP21 22 variation in the offshore wind direc.
within a factor of about 2 in wvave energy and about 20o, lion of the ratio t.J10(X )IU,0(O) of wind speed at a height Of 10
in dominai.: wave frequency. The width of the limits of rn and a fetch of X km to the shoreline wind speed (black curvei,

the calculated ratio )Jo(X )/Uo0 Ol of the fetch-averaged wind
agreement is a measure of the state of the art in wave speed to the shoreline wind speed (red curve), and their differ-
modeling. ence (blue curve).

Additional field experiments have been conducted
since those tests. Two recent ones were performed in
Lake Ontario2 0 and in the op en North Atlantic 2' dur- file, also affect the wave-growth rate,> the offshore
ing the Canadian Atlantic Storms Program (C.AsPI. The variation of air stability in the CASt' aircraft study 2: wvas
Lake Ontario measurements were performed with a wave small enough to be neglected.
staff array of superior directional and wavelength (high- The data from the wave staffs in Lake Ontario indi-
frequency) response. (A wave staff array is a group of cate a high-frequency spectral slope that is much closer
vertical wave-measuring wires .arranged in a carefully to f a than the f relation suggested bx earlier field
designed horizontal pattern--an antenna of sorts.) The experiments~. - The (,As, experiment indicates that the
CAsP measurements were made with directional wave presence of swell has little, if any,, effect on the grow•th
buoys in the presence of large-amplitude swell. Both in- laws and confirms the f spectral slope of the Lake
dicate deficiencies in the earlier field measurements and Ontario experiment.
the growth laws derived from them. In addition, both DA OFIIN
clearly indicate that the growth laws for the laboratory DA OFIIN
measurements, which are of relatively young waves, dif- The transfer of horizontal momentum from the air
fer significantly from the field growth laws. The implicit to the sea has been the subject of many' studies, largely
assumption in the models of a single generation mecha- experimental, in the wind tunnel and in the field. Over
nism that leads to the choice1 7 of a single regression fixed topography, the scaling laws that define the charac-
line in fitting dimensionless wave energy to frequency teristics of the turbulent boundary layer have been
and fetch, for both the laboratory and the field data, worked out in detail.4a Over the sea, on the oilher
is no longer tenable. hand, the measurements are much more difficult, and

The Lake Ontario and CASP experiments demonstrate the scaling laws are not as well understood. The pres-
the benefits of using the wave-age parameter Cm/UJ•, ence of a wave field that is withdrawing momentum
where Cm1 is the phase speed of the dominant waves from the wind at rates depending on its history has ocr-
(those at the spectral maximum), and U¢ = U cos 0 is tainty led to complications in the interpretation of the
the component of the wind velocity in the dominant data.
wave direction (reliable wave-direction measurements Micrometeorologists are not accustomed to measur-
have become available only recently). That the wave age ing waves, and, consequently, all but the most recent
might be estimated by spaceborne synthetic aperture ra- publications on the marine boundary layer have ignored
dar remains a fascinating possibility, their effects. This circumstance has led to much con-

Because an offshore wind, measured at a height of troversy concerning the form of the drag coefficient over
10 m, increases by about 23% within the first 5 km off the ocean. The most recent, good determinations of the
the shore22 (where the surface roughness decreases sud- drag coefficient in the open ocean--- indicate that,
denly by 2 orders of magnitude), it is important for a when only unlimited-fetch data are considered, the drag
given experiment to define the variation of the wind coefficient is found to vary with wind speed:
speed along the fetch and to specify what fetch average
to use in the growth-law scaling. The discrepancy be- Ct, :-- A{•,- B , (11)
tween the in situ wind and a fetch average is typically
about 6% (Fig. 2); it is largest at a fetch of about 2 km. where A and B are regression constants, and the sub-
Although the atmospheric stability can, through its in- script "10" refers to the reference height of the w\ind
fluence on the shape of the near-surface wind-speed pro- measurement. Equation 11 can be simulated:" by as-
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suming that the sea surface roughness is related, through Bearing the differences in mind, it remains clear that
the friction velocity, to the air-sea momentum transfer the drag coefficient is not constant with %kind speed or
rate28  air stability and has a strong wave-age dependence in

young seas." It is common practice in most of' the
au-,g , (12) %Nave models in use today, before applying the growih

laws, to convert measured wind speeds to friction ye-
where the constant a is taken to be about 0.012. locities by using a constant drag coefficienit, or one that

The reader should note that neither Equation 11 nor increases slowly with wind speed. Although the growth
Equation 12 can be justified theoretically. The former laws themselves are scaled with friction velocities ob-
is dimensionally inconsistent, whereas the latter, although tained from a similar (but not necessarily the same) drag
purported to apply to the small-scale waves that cause coefficient, such scaling, which is u.' in wave energy,
the sea surface roughness (possibly through flow sepa- will produce correct wave predictions only at intermedi-
ration), ignores the surface tension, which is as impor- ate wind speeds, when the wave age is similar to that
tant as gravity in determining the restoring force for these at which the original measurements were made. The only
short waves. Both are simply attempts to allow for our remaining iuestion is "How large will the errors in wave
lack of understanding of the relationship between the height be':
wind and the sea surface drag. Thus, Equations I I
through 13 should not be taken as explanations of the SCALING THE FETCH-LIMITED
physics; they only simulate the measurements. GROWTH LAWS

Air-sea momentum flux measurements in Lake On- We decided to scale the fetch-limited wave-growth
tario have been used 29 to produce a model of the wind data collected during CASP' with values of u; (the
speed and sea state variation of the drag coefficient on component of the friction velocity in the wave direction)
the basis of the idea that the increased drag in young obtained from the measured wind velocities by using
seas is due to flow separation from the crests of break- three different drag coefficient formulations: (1) constant
ing waves. The model, which can be seen in Figure 6 C[) = 1.5 x 10 '; (2) a Cj) formulation'- with a
of Ref. 29 (not shown in this article), fits all the Lake u,-dependent roughness length 2' that simulates the
Ontario drag coefficient data and also the open-ocean wind-speed variation of the long-fetch measurements;
drag coefficients.-5 '26 It can be simulated with the sim- and (3) Equation 13, which is an approximation to the
pier relation wave-age-dependent drag coefficient model.2'

The total wave energyto-C'G ( U./c,,)(Au + B),

0.8 < U,/CI < 1.25, (13) E = 0(f) df, (14)
%' ind wa

where A == 0.07 and B = 0.3. requncii..
A series of wind-stress and wave spectral measure- where 0(f) is the wave-power spectrum, is regressed in

ments made in the North Sea30 have been used-in the dimensionless form
conjunction with a formulation3" that allows the esti-
mation of the wave age from the observed fetch-limited
wave growth-to estimate the wave-age dependence of = fg 2/(uý) 41, (15)

the oceanic drag coefficient. Because the drag coefficients against the dimensionless fetch
have not been related to the wind speed, they cannot
be compared directly with the predictions of Equation _1X= [g!(,)-X (16)
13. The best that can be said is that the North Sea results

indicate a doubling of the drag coefficient at low wave and inverse wave age
age, in qualitative agreement with the Lake Ontario
work. Neither of these sites is influenced strongly by the u/C = (u. cos 0iC,, , (17)
presence of swell.

The latest results, from the Humidity Exchange Over where X is the fetch and C,, is the wave phase speed
the Sea (HEXOSV•- program, which was also performed at the spectral peak. Power law relations of the form
in the North Sea, are subject to further correction (S.
D. Smith, personal communication, 1989) because of
flow distortion around the Hkxos measurement boom E = AX" (18)
and for advection of the waves by currents. Direct mea-
surements of the wind stress were made by several ob- are assumed, and log,,EX' is regressed against log•Xo"
servers and were combined with wave measurements to obtain B as the slope and A as the intercept of the
from directional and nondirectional wave buoys. The log-log least-squar," fit for the gromtli law. "The least-
HEXOS measurements indicated qualitative agreement squares-fit growth laws for the three different it. scal-
with Equation 13, except for the youngest seas (U,:/C,,, ings of the CASP2' fetch-limited data differ; scaling with
= 2.5), where the HExOS-measured drag coefficients wave age changes the slopes and intercepts of the groth
were less than half those predicted by Equation 13. laws substantially.
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The dimensionless energy versus fetch laws for the scalings are not significant, whereas those betmeen the
CASP data for the constant and wave-age-dependent u*4 constant and wave-age-scaled C, values are.
scalings (Fig. 3) indicate the size of the differences. The DISCUSSION AND CONCLUSIONS
slope of the energy versus fetch relation changes from
1.04 for a constant C[) to 1.28 for a wave-age- Five points have been made in this article:
dependent Ct) (95% confidence interval on the slope is 1. The formulation for the energy input from the
0.08); the corresponding correlation coefficients are 0.87 wind, which is in common use in wave models, applies
and 0.94. Large discrepancies in the dimensionless ener- over a limited range of dimensionless wind speed (I <
gies are seen at a given fetch; the constant CD energy LU /C,, < 3). Because younger waves (large U/C) are
is higher by a factor of more than 3 at low fetches (105) influenced by different growth mechanisms, both theo-
and lower by a factor of more than 2 at large fetches retical and experimental reasons exist for assuming that
(10"). The dimensionless energy versus inverse wave-age the energy input formulation in the models should be
relations (Fig. 4) also differ, but the differences are barely different for their dimensionless wind-speed regime,
significant statistically (e.g., the slopes are just outside U/C,,I > 5.
each other's 9501/o confidence intervals). 2. The fetch-limited growth (i.e., the sum of energy

The effect of adding wave-age dependence to the drag input from the wind and nonlinear transfers of energy
coefficient is to reduce the scaled wave energies for low from other wavelengths minus loss to dissipation) of
fetches and young waves. The correlation coefficient im- young waves is observed to be substantially different
proves as the scaling goes from a constant drag coeffi- from that of more fully developed waves. Attempts to
cient to a dependence on wave parameters. Even in the include both field (old waves) and wind-wave tunnel
fetch-limited subset of the CASP data set, and even when (young waves) measurements in a general growth law
no wave-age dependence is allowed for in the drag coeffi- cannot be reproduced in recent field measurements. Two
cient, the wave age is clearly a better predictor of wave separate growth laws are needed, '2 with a transition re-
energy than is the dimensionless fetch (i.e., the scatter gion at a wave age of Cm/U, = 0.2. Failure to use a
in E` is less for a given wave age than for a given separate young-wave law produces wave energies too
dimensionless fetch). The statistical significance of the small by a factor of about 2 for young waves (Cm,/U-
larger correlation coefficients when wave age is added < 0.1).
as a fitting parameter is the subject of a separate 3. The so-called "measured" wind in limited-fetch
study.- In general, the differences in correlation be- wave-growth experiments varies with fetch and has not
tween the fits for constant and wind-dependent CD been defined precisely. This variation depends in part

105 l105

.U L 104 - "0LL 104

cT

> 1o3 1()

0 0

1 2 - , " 102

101

105 106 1)7 108 10-2 I0-1 100

Dimensionless fetch, Xc Inverse wave age, u, /Cm

Figure 3. Log-log least-squares (Y on X) fit for the GASP Figure 4. Log-log least-squares (Y on X) fit for the cASP
dimensionless energy versus fetch relation (Eqs. 15 and 16), dimensionless energy versus inverse wave-age parameter rela-
limited-fetch data only. The data have been scaled with friction tion (Eqs. 15 and 17), limited-fetch data only. The data have been
velocity components uc in the wave direction obtained from scaled with friction velocity components ur in the wave direc-
two formulations for the drag coefficient: (1) constant (red curve tion obtained from two formulations for the drag coefficient:
only), and (2) varying with wind speed and wave age according (1) constant (red clrve only), and (2) varying with wind speed
to Equation 13 (blue curve with data values). The data values and wave age according to Equation 13 (blue curve with data
for the constant drag coefficient scaling have been omitted for values). The data values for the constant drag coefficient scal-
clarity. ing have been omitted for clarity.
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on the roughness of' the upwind (land) surface. The vani- Wave forecasting as thie neN irnodels do, hut at a lokser
ation feeds back into points I and 2 listed previously: computational cost. The primary task at hand is to de-
If different growth laws apply at different wave ages, fine (lie wkind.
the wind scaling cannot be defined Without accounting RUHIRFN[TS
for it. As Figure 2 indicates, 601 errors in U (and 28To
in Ui4) result at intermediate fetches. \1c"I , "k I I Ii ti ( wrieealI, I( 'I A swtý Vsi a,'~ h's 'sjr It,,V -. i 1 /?!',.

4. The relationship between the wind stress and the I It- heui 3, 18 ss N" 191ei-i .u /1

wvind velocity at sea is not a simple square law'. The most Id Vec'/i. 2. 41- 445 15

recent measurements indicate that the drag coefficient \fie' J. \k, "Oi 13. (mcalo olsrjvst~,1, h:vH-
(Eq. 6) varies with both the w~ir'd speed and the wave I sidhl \1 .. -I tie It I of: Shot~t VW a,:,o thc I anSo 11,
age. The wind-speed dependence can be simulated2' by \I,,rtueniutn to I.o I g \\a c,,-. in i/u- ('aen Surface. JIba. N aid \I s'N...

allowing a dependence of the small-scale roughness of I'l ed. oe, otrc Hofatid. pp' K- V4 19x' I

the sea surface on the wind stress, that is, on the square it'! Water ''J 1-hod %leth 174.6 Si', li 9sii

of the friction velocity u.. For reasons given earlier, \ alent/ijed4.(.i R_ , Ilie ( rowsh oft (iaolit ( 4piflrt-, k\Sý,c, in a ( itipied

wave-growth measurements have been scaled invariably Sha lo, ,I of Iithial 76 cli. 224 2 ntail0 Uta197lei ie)

with the wind speed U, whereas the correct scaling for Flo%% wnd [heir Esoluiiseonto \kAnd \ltka~'.. 1. 9-e~/~fn 3. 6t1 "0.11119-4)

wave modeling should be with u.. Therefore, wave BannerI;, Miand Meile, %% 77., "O 1142 l9taio o r l
predictions cannot be more accurate than our knowl- Snwder. R. I_ .. obson. F NV., EliIto. J. A . and I migR R. -H 'Area 'Ic..
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WIND DATA AND THE MARINE BOUNDARY L-AYER

I hdis trtisin i. ii iu ~S inatsotsslc llck Ii.I Croln (tlic I ahr dot W I \Icit nk\\a\e I yell
,ien, .:all tic .\pkiiled t'\ tile Lk k ot aigrci. tic it on[ic I he ethods, use~d lor Ithe ahllskl 'is1ll th Illila 11

boundar\ Waer, the poor qualit\ o1 (tc he s' d reports. anld hle clci tma l'o til e accept liceu the lint:
reports fronm both ship,, anid butio,

I NTIRO DUCT~ION

111C dazta. used To defIne thle Ind I tinlte marine b'ouimd of a part"Icutat mlodel i1h11r1t tile errors of That rIlodcL
aM-5 laiSet :oie iiitC do~rntrant1tl front transient s.hips o? op- A ma tot reisonl for t hew ddiicm ncsi. C, ;,halt he xud

plurnmis and front the riatictnal data buoss. The shipl data rvixorted tl Ships at sea are of pew.! qualht'.
are of cmsremrel% pou~r qualits as howkn h)\ linumerou re- 0I (ti th\artuu'win tields. it kould be. diflficult ito
cent ii sestisitioris. Ships and buoy. do not adetjuatelx shO\w That one V as more nvarl\ ..iorrvec than dtic others"
:oser the worldl oceans, Lsen it the ship and data buo\ Waxy~ rilodek will have Inherent errors as INCdatsb
rejxl-ts %kere ab--ýlutel i correet anid represeuitedJ the Ns n- catus-e of w~indl flivd errors, yet ito Ie delitunme-d I', how
optl-scae windl. ditficulirme' would still c\ist because oft hde errors in waxyi~ hindcasti., which arethe Iic intial salule
rxwtr coserage anid inadeq.uate ph\ysic:al models. A striking specilicattions for ,%axe torecasts., aft t-c errors lin those
result of the isi%\ \ JLabrador Sea Extreme Waxes, I-.- torecasis.
pertinent) anahse'. is that the wind specds and diteciorms
at the tiwo ships, tile CIAV Quest and KNIixlS Tide- A~YI R CDR-
man, a, specified b% the Fleet Numerical ()ceanlographN I he %arious national wecather i1orecastmtw centers all
Ceniter Ii -,A x,. the National \teteorological Center w(i fo~llow lithe same general proceýdure to produce the wind
Ckean \kcathcr. Incorporated. the. Ecuropean Centre for fields that would be used to drix a wax niodel 'Their
Mediumn Rin%!e %eathcr Florecasts, and the Urnited Kingý procedures differ in detail', howvier. The objsL'.iic of
Jom in Ieeorolovical Office, were all different. The wind thle analssis at a icenter is no) produce the initial value
fields s'encrated bN various ;enter% also difflered from one ,peotlicatitin as a I unction o1 latitude. longit ude, and vie-
another oser thle entire North kilantic (see /amreh-csk%, . sanon kit the quantities needed ito time-step the finite-
this, solumct. difference atmosipheric moidel used by that center to fore-

kms one ot the specral waic models, if' run one at cast chan~ies. Of particeular interest are the formation.
a time v ith each -,equence of the different wiznd specifica- moxemuent, arid dcepenine or filling of)I low. ceniteris lo,
tUon%. would produce different rpecra. Dil terent wkas e wind forecasts and thle adecomn of water \aport for the
models used tl the toreca~st icenters arid anah'.ed at The release of latent heat and the prediction of rainfall
John., Hopkins I nixecrsit% Applied Phs sic-s I aborator. I he details of how\ each center produces at marine
)were run for a comImon Input wlind field. Thlt waxy spec- N-sundarN -layer wA.ind field are dlifficult to find in the pub-
-a that resLted for a gmsen model differed for the sanie hshed literatue Moevr nted~--da, opeation

tine1 anid place compared with thle sxaxe spectra that re- ot a center changes are somectimes, made. 05See Ret. I for
'uled iromn -eparatek drnsed wkinds. Fuir-ther, the differ- a description of thle method,, used by thle sw and Ref'.
cn! models still differed from onIe another whlen driveni 2 for those used b% the 'a %( in 1982. Mtarine applica-
wilth iderntical wiinds lionls of the '\\I( product are described in Re. .3.) F-or

kill o" the "'Ind fields produced tor the i i ssm \ spectral examrple, Thle procedures, of' the i 'a x produce a "blend-
!nivi-compati-Ans are Kased oin the same ''raw' data, that ed" %N uld field, in wýhich \ieightsý arc- as signed to %arious

is.dta fromt s~noptic report- Itromn land stations1, ships-11 kind,, of data and computer products, oin the basýis of
oif oppotmunit,,. and data buioys. alotig wilt both co-ns ii- recent past data. The ois¶ met hod depends on 'deas iii-
tional anid remote atmospheicm 'oundidng,. T hus., differ. troduced bv Fergymanr As with the famous product
er~es resuilt t roni sartations iu both the miodels and the troni Scotland. thle blends produced hN other center,,
-rethod5, used hv the different forecast center' to anal%&i could, has e quite distinct chatracteristics.
the ssor~data arid produce the resulting gridded s'si I lie atmosphere is div ided into layers,, and thle heights
optl k Aie ri~d, (,ATe (W~rliltn, this olurne). ot ýurfaices onl which lithe atmospheric pressure is constant

axe. modelers 1t enl a'urne thlat,. t least tin spct re part o' ihe mnitital s alue spec.ification, along \;.)ill the
ting the 'at% specrrtr. the Input dr~istri, wN~uds are a'it s -gn x IT)J% at each oft those suirfaces,. 'The number of lavers
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=•I mbar in the previous system of international units) on the basi, of ho%% close it is to the first guess l)itlerent
surface and use a standard procedure to convert this sur- centers use different methods to judge the accurac. ot
face to an isobaric pattern at sea level, even oýer land. the rcport. If correct, the pressure field i., changed bs
The thicknesses of the layer nearest the Earth's surface an area smioothivg technique to agrec A with the neA data.
in a model vary at each center. In addition, the velocity The reported Ainds are compared with the model winds.
field in that layer must represent, by single vectors at each The report is then used with some sort ot boundar,, layet
grid point, the behavior of a large volume of air as de- model to change the wind and adjust the pressure gra-
fined by an area around each grid point (thousands of dient near the ship to agree \,ith the corrected wind.
square kilometers) and the various thicknesses of the layer In the data assimilation prot•cdure, the accuracy ol
(hundreds of meters) used for that particular model, the wind reports now becomes important. As I ",ill dis

The map projections used in these models also differ, cuss, very large errors in these %ind reports exist. Thesc
and the equations for describing the various fields are errors are in part systematic.
modified to account for those projections. One wonders Given a number of ships around a low center, sonic
about the effect of smoothing on different projections. reports will agree with the first-guess winds within the
A closed contour for the 1000-hPa surface on one map required differences and will thus be used to correct the
projection will not have the same shape on another. initial guess. Nevertheless, both the ship winds and the

Data from the land affect the analysis over the ocean initial value update can be incorrect and contain large
oy continuity. A separate research study would be neces- errors. In addition, many ships in an area of high winds
sary to find out how the various models treat the Green- may all report high winds. If the initial value update calls
land Ice Cap, the winds over the water around Green- for lower winds, as each ship report is tested one by one,
land, the Tibetan Plateau, the various mountain ranges that update can be rejected. Thus, all ship reports would
of the Earth, and the winds around islands. The vari- be rejected, and the initial value update would not show
able winds described by Ezraty in this volume may be that a cyclone had deeper~ed.
the effect of nearby land. Also, synoptic updates are In data-sparse areas, a :,ingle report, which may or
usually available only every six hours. An inierpolation may not be accurate, may influence an area of 5* of
for three-hour intervals may or may not be made. latitude and 5* of longitude; the first-guess field may

The winds used for th,; numerical weather forecasts are or may not be correct; and the choices as to whether
not necessarily those used for the marine boundary layer, to assimilate the report may or may not ir'mrove the ini-
and an additional analysis step 3 is required to specify the tial value update.
winds at either 10 or 19.5 m as the driving winds for A cyclone moving into an area devoid ot data is car-
specifying (hindcasting) or forecasting the wave spectra ried forward by continuity as part of the first-guess field.
at each grid point of the wave model. Wave models may If the field has errors (e.g., a low center at the wrong
require a different grid than the weather forecasting mod- place, with a central pressure that is not low enough),
el, so that an interpolation is often needed. it cannot be corrected.

All analysis schemes smooth the wind fields. Sharp Thus, each wind field for the different meteorological
wind shifts at fronts are not well modeled. Smoothing centers could evolve from one synoptic time to the next,
tends to alter gradients in the pressure field, so that winds while still being different and accepting some subset of
computed from the pressure field in areas of "true" high the available ship report data. Errors in the specification
winds are lowered, and winds in areas of "true" low of the marine boundary layer, in the form of an incorrect
winds are made higher. (Reference 5 compares model 1000-hPa surface, propagate upward to great heights be-
winds from the FNOC Global Spectral Ocean-Wave cause the remotely sensed atmospheric soundings over
Model with winds from data buoys.) the ocean are integrated upward to define the surfaces
DATA ASSIMILATION of constant pressure for the model.

All analysis methods must balance the Feld of mass
Meteorological forecasts are typically made every 12 and the field of motion. The winds over the ocean are

hours for several days into the future. The forecast cycle an essential input to the marine boundary layer. Poten-
begins with an initial value update. The forecast outputs tially important information is omitted if pressure data
for the previous 12-hour cycle are the startup data for alone are used. Even if the winds were to be derived sole-
the present forecasts, and these are reinitialized for the ly from the pressure field, one would still need to validate
current time by assimilating the newly observed data for the derived winds against measurements of the winds.
the present synoptic time.

These forecast 12-hour data fields are called first-guess THE POOR QUALITY OF SHIP REPORTS
fields for an initial value update. The measured and Reference 6 contains the results of comparing wind re-
reported new synoptic data, such as reports from ships, ports that were made at the same synoptic time by pairs of
are used to attempt to correct the first-guess field for ships within 100 km of each other. That article is a reeval-
changes in the meteorological fields that were not uation and an extention of a report by Dischel and Pier-
predicted by the past 12-hour forecast. son. It demonstrates the poor quality ot ship reports in

For the marine boundary layer, the available ship many different ways and recommends corrective mea-
reports are apparently used only one at a time at some sures. The data for Figure I here comprise 8265 pairs of
centers. The reported sea-level pressure is compared with reports from ships in the region 30'N to 40'N and 70'W
the model value, and the accuracy of the value is judged to 80*W. Only one ship of the pair had an anemometer.
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Figure 1. Perspective three-dimen- 146 pairs of reports at 10 kt each
sional plot of counts 'vertical axis) of *,ff . - r--- - 50
the number of times ships with ane- IQ
mometers (into the perspective plane)Q
and ships without anemometers (hon- ---
zontal axis) within 100 km of each oth-
er reported wind speeds from 0 to 50 i0

lantic location somewhere in Marsden 20
Square 116 (30'N to 40°N; 70'W to
80'W). The largest number of counts / 10
occurred 146 timeq when ships both / /7A10 .
with and without an anemometer re-
ported 10 kt. (Reprinted, with permis- 0/ , 0
sion, from Ref. 6, p. 13,317: - 1990 by 0 10 20 30 40 50
American Geophysical Union.) Speed (kt) reports of ships withoul an anemometer

The observer on the ship without an anemometer esti- winds of 8, 12, 16, 18, and 22 kt. Th, latter represent
mated the wind according to the instructions of the World centers of Beaufort ranges and values originally in meters
Meteorological Organization. This difficult task in part per second, converted to knots. These very large differ-
depends on the assumption that there is a one-to-one re- ences in reported speeds result from the very poor quality
lation between sea state and wind speed. of wind reports by ships. Many reasons exist for the poor

The perspective plot of Figure 1 shows a plane from quality of these reports. Even for ships with anemome-
which rectangular parallelepipeds project upward. The ters, the equipment provided to the observer makes a
horizontal axis in the plane shows a scale from 0 to 50 kt good synoptic-scale observation difficult.
for reports by ships without anemometers. The projec-
tion into the figure shows a scale from 0 to 50 kt for CONCLUSIONS
reports by ships with anemometers. The small number The poor quality of ship reports creates difficulties
of omitted reports of winds over 50 kt does not affect in obtaining correct descriptions of the winds in the ma-
the interpretation of this figure. The vertical height of rine boundary layer. Incorrect descriptions not only
each parallelepiped shows the total number of times pairs make it difficult to specify and forecast wave properties,
(one with an anemometer and one without) of ships re- but they also make weather forecasts poor and climato-
ported the plotted speeds. For example, ships without logical studies buspect.
anemometers reported 10 kt when ships with anemom- Scatterometers on the European Remote Sensing Sat-
eters reported 10 kt 146 times. Once, a ship without an ellite (known as ERS-) and the Japanese Advanced Earth
anemomneter reported 50 kt while one with an anemom- Observing System (known as ADEOS) will help to provide
eter reported 9 kt. Had the wind speeds reported by each better wind fields for the marine boundary for use in
pair of ships been correct for the synoptic scale, the wave forecasts, weather forecasts, and, eventually, clima-
counts would have fallen close to the 45-degree line of tological studies. The methods used by ships at sea to
perfect fit. measure the winds are obsolete. They could be improved

Wind speeds for the synoptic scale separated by 100 km using modern technology. Presently, some of the deep-
or less should not differ by the large amounts shown in sea national data buoys report six consecutive 10-min
Figure 1. For example, when ships without anemometers averages of the wind each hour. These data can be used
reported a wind of 30 kt, ships with anemometers report- to validate wave model winds and to provide convention-
ed speeds from 3 to 43 kt. al validation winds for remotely sensed winds.

In Figure 7 (A through G) of Gerling (this volume),
the synoptic-scale common wind fields for LEWEX have
values every 1.25' of latitude (139 km or 75 nmi) and REFERENCES
every 2.5* of longitude (at 40%, 212 km; at 50%, 178 kin;
at 600 138 km). Over these distances the wind speeds IDey, C. H., "The Evolution ol Objective Analysis Methodology at the Na-
may change by 5% :o 10076. They surely cannot change tional Meteorological Ceiter," Weather J-orecast. 4. 297-312 11989).

2'DeYoung, B., and Tang. C. L., "An Analysis of Fleet Numerical Oceano
from one grid point to the next by the amounts shown graphic Center Winds on the Grand Banks," ,,ttmos.-Ocean 27. 414-42"

in Figure 1. The distance between the ships is less than (1989).
the distance between the winds in Gerling's figures. More- Rao. 1). B., "A Re'.ie's of the lProgram of the Ocean Products (enter.-

Weather forecast. 4. 427-443 11989).over, the standard deviation for the wind directions (not 4
Bergmran, K_. "Multivariate Analysis of Temperatures and Winds in',itg

shown) was 45". Skeptical readers with adequate com- Optimum Interpolation," Mon. Weather Rev. 107, 1423-1444 11979).dit interesting to plot wind vectors 5Zambresky. L F.,-"The Operational Performance of the Fleet Numericalputer graphics might find Oceanography Center Global Spectral Ocean-Wase Model." John Hop-
from ship reports at these synoptic times to scale in some kin.s API. Tech. DI,. 8, 33-36 11987).

contrasting color along with the LEWEX winds. 6
Pierson, W. J.. "Examples of. Reasons for. and (onseqatertces of the fPoor
Quality of Wind I)ata from Ships for the Marine Boundary Iayer: 1mph-Ships without anemometers tend to over-report speeds cation' irom Remote Sensing." J. (;euphvs. Re.s. 95('8). 13,313-13.340of 5, 10, 15, 20, or more knots in 5-kt steps along with 11990),
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MARINE WIND VARIABILITY: ILLUSTRATION AND
COMMENTS

Sea-state modelers introduce a mean wind vector at each grid point of their models (hat varies only
once every time step. Real winds often fluctuate at much shorter space and time scales. Some examples
of these fluctuating wind fields are given, along with possible implications for modeling.

INTRODUCTION ILLUSTRATION OF WIND VARIAB.LITY
Sea-state modelers and forecasters have always ex- Figure I shows simultaneous wind estimates collected

pressed the need for more and "better" winds either to in the Mediterranean between France and Corsica in
develop or to initialize and run their models. Usually, January 1986.2 Five ships reported quite different wind
winds are converted into wind stress estimates by using speeds, ranging from 15 to 50 kt. Such a large number
more-or-less controversial drag relations. It is not intend- of at-sea reports, all within a 250-km span, is quite un-
ed here to discuss these relations, but rather to stress how usual. Wind speeds appear to have been erratic, but at
wind data should be handled to improve their use in least the measurements agree that a strong westerly corn-
modeling and predicting sea state. ponent existed. Automatic data validation schemes

Many wind vector measurements will be available would certainly reject such widely varying simultaneous
soon from the European ERS-i remote sensing satellite reports. An untrained analyst might comment, "How
scatterometer, which will provide global coverage of the unreliable the ship reports are!"
ocean. As pointed out by Janssen et al.,' however, the A closer look is more revealing. Two of the ships
increase in data quantity is useless if the data quality is reported high winds (45 + 5 kt), whereas the other three
not sufficient. This statement is also true for conven- reported low values (20 ± 5 kt). Moreover, the two ships
tional in situ measurements. located between the two high wind speed reports both

Much effort has been spent to improve the existing indicated similar low values. Allowing for reasonable
measurement techniques and to plan the calibration and ship measurement uncertainty, it is unlikely that any of
validation of future satellite sensors. At sea, without an the ships was completely wrong. It is more likely that
absolute reference, the performance of in situ systems the wind was highly variable in space or in time, since
can be stated only in terms of precision. As a result, we individual sets of comparisons have little chance to be
cannot trust a single isolated wind vector value. One way exactly simultaneous and coincident.
to increase our faith in wind measurements is to rely on Figure 2 shows a 17-h time series of wind measure-
space or time continuity, provided that the meteorolog- ments, averaged over -main intervals. This record was
ical condition and its associated variability permit such collected in 1984 during the Promess/Toscane I experi-
an assumption. ment on board N/O Le Suroit, in the northeast Atlantic,

Wind buoys that are designed and calibrated carefully
can achieve precisions at sea of 0.8 m/s for speed and
5" for direction. Wind reports from ships without ane-
mometers (as shown on most weather maps) are usually France Italy
rounded to the nearest 5 kt and the nearest 100. More- -044
over, neither the 10-min average recommended by the '
World Meteorological Organization (WMo) nor a stan- .®

dard reference height is used systematically. This situa- -- & I
tion induces added temporal variability, which impairs
the spatial variability. (See the article by Pierson, in this
volume, for even more cautions.) Z 42 100 km

The next section of this article will illustrate observed Corsica 1

spatial and temporal wind variability. The following sec-
tion will focus on the spectral description of the energy 5 10
of wind fluctuations and their relations for various sepa- East longitude (deg)
ration distances. The final section will describe an at-
tempt to estimate, as a function of time, a spatial mean Figure 1. A sample of simultaneous ship reports in the Medi.

terranean on 23 January 1986 at 0000 UT. indicative of unusually
wind vector from point measurements averaged over high spatial variability. Each full barb indicates 10 kt, a half barb
time. is 5 kt. and a triangle is 50 ki. (Adapted from Ref. 2.)
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-~3 ,the I-h to 10-min band. The early regime will contain

- a spectral energy gap, but in the later regime, the spec-

S20 tral energy level at the gap location will be about the
, , ,, ,.i level of the turbulent peak, completely filling the gap.

10 Pierson4 reported overwater data from M. Donelan
- (personal communication), Klauss Hasselmann (personal

0 communication), Pond et al.,' and Miyake et al. He
"" pointed out, specifically for the last two data sets (al-

though the tendency could be detected in the others), that
"First .. nd..e.o.... "the spectral estimates do not decrease toward lowerSFirst wind Second wind

E regime regime values [of dimensionless frequency] as do the Kaimal et
1t h- K .... al. (see Ref. 7] overland spectra." Then he modeled this

Time part of the spectrum as the inverse of frequency, allow-

Figure 2. A time series of 1-min-averaged wind speed and ing the energy level to be an increasing function of wind
direction collected at sea on board N1O Le Suroit (Toscane 1 speed. Corrections for this model are currently in pro-
data) from 1021 UT on 20 February to 0346 UT on 21 February gress (C. M. Tchen, personal communication, 1986).
1984. Note the different signatures of wind fluctuations before During the Toscane T campaign in early 1985, " a
and after the front. row of seven wind-instrumented masts was installed

along the shore of the Bay d'Audierne (South of Britta-
ny, France) at a site that was well exposed and nearly

southwest of Brittany. Two wind regimes separated by perpendicular to ocean winds. The nominal altitude of
a cold front passage are clearly evident. The first regime the measurement locations was 12 m above mean sea
corresponds to a stable atmosphere; wind direction is level, and the separation of locations ranged from 1.5
steady and wind speed fluctuations, at intervals of 10 to 10.1 km. A meteorological buoy moored off the coast
to 15 min, are less than I m/s. The second regime cor- provided air and water temperatures. The experimental
responds to an unstable atmosphere and exhibits large layout permitted the investigation of spectral signatures
wind speed variations (about 7 m/s) at intervals from of the along- and cross-wind fluctuations (u and v,
30 rain up to I h, on top of which are the high-frequency respectively) and also of their coherence and phase as
components that are also present dt.ring the earlier sta- a function of separation. The following results are ex-
ble regime. Directions also fluctuate by as much as 50* tracted from Champagne-Philippe. "'
over the same intervals. These long-period oscillations Twenty-seven wind records were selected on the basis
persist for 12 h. Note the abrupt 12-m/s wind speed of synoptic weather stationarity. The measurement du-
change during a time span of only 30 min that occurs ration ranged from 6 to 20 h, and the mean speed var-
about 4 h before the end of the record. For the 10-min ied from 6 to 15 m/s. Each record was sliced such that
averaging period recommended by wMo, the reported representative spectral estimates of the u and v compo-
variation would have been only about 10 m/s. nents could be computed in the i-h to 6-s band.

In view of this time series example, the spatial wind As anticipated, the spectra showed variable behavior
pattern implied in Figure 1 seems likely to be real and in the gap region. No global estimate of the synoptic
not simply a measurement artifact. Taken together, these stability of the atmospheric boundary layer was avail-
two examples show that representing the wind by a single able, To sort the spectra, we used the local stability pa-
mean vector, defined at a given reference level and for rameter, z/L (where z is the height above sea level and
a given duration, may not capture its real variability over L is the Monin-Obukov length), computed from the
temporal scales of tens of minutes or spatial scales of buoy temperature measurements. The hypothesis was
a few kilometers. that convective situations and the corresponding insta-
THE SPECTRAL SIGNATURE OF bility, which are related in this region to cold air masses,THRINE SPECTR AL IGABLTUE Owill be flagged by this local and low-altitude indicator.
MARINE WIND VARIABILITY Only 5 situations out of the 27 selected did not fit into

The time anu space scales of concern here lie between the "gap/no gap" spectral classifications anticipated by
the high frequencies, or short wavelengths, of the fine- the a priori sorting into stable and unstable atmospheric
grid meteorological models (typically 30 cycles/h and a conditions. The unstable spectra corresponded to zIL
few meters) and the lower part of the turbulent region values between 0 and -0.03. The stable spectra were
(typically I cycle/h and 50 kin), and thus may be in- further split into two subgroups, stable and stable/neu-
fluenced by both these scales. The justification for tral, whose mean z/L values were, respectively, 0.065
separating these two regimes is based on the well-known and 0.023.
spectral gap of Van der Hoven-3 for wind speed near Figure 3 presents the average of the dimensionless
the surface. This spectral energy gap, measured over spectra for each of the three aforementioned categories
land, has been used to justify a 3-h sampling interval for both the along-wind and the cross-wind components,
and a 10-min averaging time for wind measurements. with Pierson's 1983 model4 superimposed. For both

At sea, evidence suggests that this spectral gap is not components, the high-frequency parts of the spectra be-
always present. For example, the two wind regimes of have the same, regardless of the stability category, and
Figure 2 will each produce a different spectral shape in decrease as]' 2 , although the turbulence maximum is
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Figure 3. An averaged spectrum of wind fluctuations for the resentative of the meteorological situation: A. Along-wind com-

three stability regimes (S-stable, S/N-stablelneutral, U- ponent. B. Cross-wind component. C. Phases (Ph) and
unstable) A. Along-wind component. B. Cross-wind component. coherences (Co) of the along-wind component for separation

Note the energy-preserving form used to present spectral esti- distances of 1.5, 3.0, 7.1, and 10.1 km. (Adapted from Ref. 10.)
mates; n is the natural frequency, z is the measurement alti-
tude, u. Is friction velocity, Su(n) and S,(n) are the spectral
energy densities, and u is the mean wind speed at z. (Adapted ration distances. For both geometric configurations and
from Ref. 10.) for both components, the main result is that 10-min-

average small wind fluctuations are not (or are very
shifted to a lower dimensionless frequency. The striking weakly) coherent, even at the shortest separation distance
feature is the shape change in the expected gap region. of 1.5 km. Such averages are therefore noisy estimates
As local stability decreases, or convection increases, the of the mean wind speed, even in the case of neutral or
gap fills up to about the energy level of the turbulent stable situations. Some coherence existed beyond periods
region. The plateau shape in this representation cor- of 20 min for 8.5-km separation.
responds to a I/f decrease, as modeled by Pierson, 4  Figure 4 presents, for the case of an unstable at-
but does not seem to be a function of wind speed only, mosphere, the coherence and phase of u and v wind fluc-
as he assumed. It is also related to the stability or insta- tuations for the wind blowing directly along the row of
bility of the upper layers of the atmospheric boundary masts. This geometric configuration permits one to test
layer. One might hypothesize that the spectral shape of Taylor's hypothesis, which is often used to shift between
wind fluctuations between mesoscale and turbulence is time and space without considering the respective scales.
related to the profile of the Brunt-Viisdli frequency For this highly convective case, the coherence diagrams
from the surface up to the first few kilometers. confirm that 20-min fluctuations become significantly

Coherence and phase spectra of the u and v compo- coherent at 10. 1-km spacing. The linear phase variation
nents were calculated for cases when winds blew either as a function of frequency may reveal some advection
perpendicular to or along the row of masts for all sepa- of structures. The corresponding speed was estimated
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to be 24 m/s, twice the wind speed at measuring level, 20 A
and is about the wind speed measured by a radiosonde i
for convective clouds I to 3 km high. 15

For wave modeling and prediction, these results imply • L )l
that wind estimates will be improved by time averages 0. 10 - , , 1
that are at least 20 rain long. One must also account for .0"iI

the variability at time scales of about I h. Analysis of • 5 v/ .
the meteorology can provide the necessary information I ,
to decide which kind of wind spectrum should be used ..

and how to model the associated variability. For scien- ý2 4
tific applications, the proper averaging time can be de- a) 2 -
termined after the fact from continuous recorded data. - 0 D- . • ,,., ., ,c -2 """ " "

THE SPATIAL EQUIVALENCE OF 3C

POINT MEASUREMENTS ,,

By definition, a discontinuity prevents a spatial aver- Z 270 -
age from being physically meaningful; no one expects .

a wind vector point measurement on one side of a front 1 180 ,
to be representative of the other side. Nevertheless, sea- 10 '"-

state modelers and forecasters must decide what confi- C 0 1
dence limits to apply to point measurements so that the 0 -,

data are representative of some geographic area. This
problem is especially relevant for the calibration and vali- " • 60 "
dation of the ERS-I scatterometer, scheduled to be 0- o ." ,
launched soon. Typical scale sizes of interest are on the -2_9_ ___l_,_,_I _____

order of the scatterometer elementary footprint, about 1 •00 5 10 15 20 25 30
25 km on a side. Time (days)

During the Toscane 2 campaign, conducted during the Figure 5. Twenty-minute-average time series of the wind vec-
winter of 1987-88, a network of three wind-instrumented tor at one location of the Toscane 2 network and related wind
buoys was moored in the Atlantic in an isosceles right vector residuals between the spatial average and the point mea-
triangle (area 1) with two sides of 25 km. An additional surement. A. Wind speed. 8. Wind speed residual. C. Wind direc-
measuring station was implemented on the island of Sein tion. D. Wind direction residual-

to extend one side of the network to 50 kin, such that
the larger isosceles triangle (area 2) had two sides of
35 km. " netic energy from several weeks down to 50 min. Figures

By using the wind time series from that network, a 6A and 6B present the standard deviations of wind speed
method for defining an average spatial wind vector is and direction residuals at one buoy location as a func-
being developed. One promising approach is to use vec- tion of the averaging time of the initial time series from
tor empirical orthogonal functions that describe the com- I to 60 min. For the observed meteorological situations
mon relative variability observed simultaneously at the over area 1, after deleting transient events such as pass-
borders of the area defined by the measuring points. The ing fronts and winds less than 1.5 m/s (since local ther-
assumption is that this common variability affects the mal effects destroy the meaning of a spatial average),
whole area. The analysis is performed jointly on the the standard deviation of wind speed at buoy level tends
components of the wind vector at each measurement lo- to a limit of about 0.6 m/s, and for wind direction,
cation. A time series of the spatially averaged wind vec- about 7'. The middle curve of Figure 6A is also for area
tor is then computed. At each measurement location, 1 but is computed at a height of 10 m. The upper curve
the residual time series can be defined as the difference is obtained by using both the buoy array and the mast
between the spatial average and the initial time series, data and corresponds to area 2. To merge the two data
This method requires carefully controlled and calibrat- sets at the same reference altitude, we used a logarith-
ed wind speed data but allows for wind direction off- mic boundary layer for the mean wind profile, correct-
sets accounted for as a relative phase shift. In the data ed for stability. For a given averaging time, differences
set analyzed, the maximum wind speed difference at any in standard deviation within area I are the result of wind
of the three buoys over the entire 30-day experiment was increasing with altitude, whereas the increase in standard
20 cm/s, with a standard deviation of 5 cm/s. Figures deviation from area I to area 2 at the same height is
5A and 5C show, respectively, the 20-min-averaged wind simply the result of doubling the area.
speed and the direction of the initial time series at one For a given area, the lower limit of the residual vari-
location; the corresponding time series of the residuals ance can be interpreted as the minimum fluctuation ener-
are shown in Figures 5B and 5D. gy introduced by both the measuring equipment and the

Results indicate that the estimated spatial average per- geophysical wind variability (at the mea.saring level and
formed over a 625-km 2 area recovers most of the ki- for the wind conditions experienced). For a given aver-
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A 10 min) will produce spurious estimates of the wind vec-
tor. For sea-state modeling and forecasting, it seems ad-

S1.0- 10-rn height (area 2) vlsable to use a longer averaging time and to model the
variability at shorter time scales. The estimate thus ob-

0.9- tained still will not completely represent the wind x'ec-
0.8 10r-egt(ra1 tor over an area. Additional variability must be in-

'2 0.7-troduced to account for spatial effects. More research
to0.

4-rn eigh (ara 1)is needed to further quantify and model the real wind
field variability.
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MICHAEL L. BANNER

ON THE DIRECTIONAL BEHAVIOR OF THE
EQUILIBRIUM WAVE NUMBER SPECTRUM:
IMPLICATIONS FOR THE EQUILIBRIUM FREQUENCY
SPECTRUM

On the basis of observed wave number and frequency spectra for fetch-limited growth of wind waves,
an equilibrium gravity range form is proposed for the slice through the directional wave number spec-
trum in the dominant wave direction. In conjunction with a model for the directional spreading, the
calculated frequency and wave number spectra agree well with observations, thus offering a plausible
explanation for the underlying physics governing various ranges of the frequency spectrum.

INTRODUCTION

Ocean wind waves have been traditionally described dence to be closer to L '. Also, the spectral level
by their spatial and temporal spectra (see the boxed in- coefficient a shows an unexplained variability between
sert for key definitions). Wave height frequency and investigators (see, e.g., Ref. 1, section 3). These dis-
wave number spectra have been experimentally observed, crepancies have motivated recent revisions of the Phil-
and various equilibrium spectral subranges have been lips equilibrium range model,2 notably those proposed
proposed for these spectra at frequencies above the spec- by Kitaigorodskii6 and by Phillips.' Tne latter predict-
tral peak. Agreement between observations and the most ed frequency spectra of the form
recently proposed equilibrium range spectral forms for
gravity wind waves is incomplete, however. F(w) = 3gu.o , (2)

During the evolution of the ocean wave spectrum un-
der wind forcing, wave components in statistical equilibri- where 3 is a universal constant and u. is the wind fric-
urn are those whose net growth rate is very slow compared tion velocity. Also predicted were one-dimensional and
with the time scales associated with the internal source two-dimensional wave number spectra of the form,
terms, such as wind input, nonlinear wave interactions, respectively,
and dissipation. This separation of time scales underlies
the concept of equilibrium spectral subranges (see Ref. 0(k,) u.g 4k, 2 (i = 1, 2) (3a)
1, section 2). The quest for a physical model of a gravity
equilibrium subrange for deep water waves was initiated and
by Phillips, 2 who proposed that the amplitudes of spec-
tral components above the spectral peak were hard-limited 1,(k, 0) - u.g k :G(O) , (3b)
by wave breaking, independent of the wind strength,
fetch, or duration. This hypothesis led to the well-known where k = (k,, k2 ) is the wave number vector with
(X 5 power law for the equilibrium gravity subrange of magnitude k and polar angle 0, and G(O) is a directional
the frequency spectrum spreading function.

The envisaged spectral range of applicability was for
F(co) = gg2W () gravity wave components with much shorter wavelengths

than the spectral peak waves. Kitaigorodskii' also
where w, is the frequency, g is the gravitational accelera- predicted Equation 2 up to wU/g - 0(4) (on the order
tion, and ca is a universal constant. Shortly thereafter, of 4), transitioning to Equation I for higher frequen-
Hasselmann 3 5 presented the theoretical basis for weak- cies (U is the wind speed at a reference height, related
ly nonlinear wave-wave interactions in the wave spec- to u. by a drag coefficient).
trum. Support for the importance of this mechanism in A growing body of observed frequency spectra ap-
shaping the wave spectrum has strengthened with the in- parently supports Equation 2 (e.g., see Donelan et al. ),
creasing availability of reliable data on wind wave evo- although cases of anomalous spectral behavior have been
lution and the associated wind input source function. reported. For example, hurricane wave observations'

Equation 1 has proven inadequate in accounting for have shown supportive co behavior out to O(3wd,
observed frequency spectra. In particular, a has been but then a transition to ce just above that range (wp
found to decrease with fetch and the frequency depen- represents the frequency at the spectral peak). At higher
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KEY SPECTRAL RELATIONSHIPS

Following Phillips* (section 4.1), the wave spectrum for 2. The wave number spectrum
a homogeneous, stationary wave field is defined as

X(k,•w) = (21r) - = p(r, t) tik) X

is the folded (symmetric) wave number spectrum, and
X exp[ - i(k r - wt)] drdt, d , (k) = 0.5 [4)(k) + 1)(-k)]. 4).(k) arises from frozen

spatial image analysis and does not contain wave propaga-
where tion information, thereby partitioning the wave energy

equally into components 180" apart.
p(r, t) = ý(x, lo)4(x + r, to + t) is the covariance of the 3. The one-dimensional (transverse) spectra are
surface displacement I1x, t),
r is the spatial separation vector, 4){k,) - 4)(k,,k,)dk,
I is the time separation,
k = (ki, k2) = (k, 0) is the wave number vector, and
and wo is the frequency.

The term X(k, w) has the property that X(k, w) dk dow C(k,) =

= •, the mean squared wave height, and represents the 0k

mean distribution of wave energy with wave number mag- 4. The directional frequency spectrum is
nitude k = I kl and frequency w propagating in the direc-
tion 0. Various reduced spectra defined below are theo- G(Qw,) = 2 X(k, ) kdk
retically or observationally important in the context of this
article. 5. The (nondirectional) frequency spectrum is

1. The directional wave number spectrum

,t(k) = 2 X(k, w) d, 
G) (w 0)dO

is the actual wave number directional distribution of wave *Phillips, 0. M., The Dynamics of the Upper Ocean, Cambridge
energy propagation. University Press, N.Y. (1977).

frequencies, reliable measurements from several inves- on this model reveal the underly'ng structure and domi-
tigators have shown a range of frequency power law de- nant influences that appear to shape observed frequency
pendencies from - 5 to - 3.3 (see references in Banner spectra and hence provide more detailed insight into
et al. 9). Doppler shifting effects have long been at- equilibrium range behavior.
tributed to ambient and wind drift currents, as well as
to orbital motions of the longer wave components. These FORMULATION OF A WAVE NUMBER
effects can significantly influence the frequency spec-
trum, particularly the higher frequency components SPECTRAL MODEL
whose intrinsic phase speeds are lower. ' The extent to From an analysis of published directional wave num-
which these effects influence measured frequency spec- ber slope spectra (Ref. 11, run 36/I), derived one-dimen-
tra and the correspondence of each effect to the pro- sional wave-height wave number spectra in the dominant
posed equilibrium spectral form (Eq. 2) are examined wave direction (k,) and orthogonal direction (ki)
in detail in this article, shown in Figure 1 reveal the strong directional anisotropy

The directional wave number spectrum 4)(k) is not of the wave energy near the spectral peak. Also seen is
subject to Doppler distortion effects, so it offers an alter- the subsequent tendency to merge at higher wave num-
native way to examine equilibrium spectral forms and bers ki of O(5kp) (k, = peak wave number) and to
their range of applicability. Wave number determinations follow a k " dependence, with n - 3. One-dimensional
typically involve greater observational complexity, result- spectra for fetch-limited growth reported by other in-
ing in a data set much more modest than that for fre- vestigators9' '.3 are also shown in Figure 1; they indi-
quency spectra. The discrepancies between observed cate good agreement with k ' power law dependence
wave number spectra and current equilibrium range pre- over a wide range of wave numbers. The spectral level
dictions, however, necessitate a more careful examination appears to depend only weakly on wind speed, but avail-
of the underlying physical processes that determine the able data are inconclusive. Also, for the Jackson et al.
shapes of reduced spectra. That issue is addressed here run 36/1 data, " some attenuation may have occurred
via an analysis of a proposed wave spectral model in the due to a wind shift several hours earlier. The correspond-
wave number domain, developed on the basis of ob- ing equilibrium range model prediction (Eq. 3a) of
served wave number and frequency spectra for fetch- u.k ' 2 does not appear to agree with the observed
limited wind wave growth situations. Calculations bas-d wave number dependence. And, according to the high
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Directional Behavior of the Equilihron uitve .umhvr Spectrum

10 5 Several empirical forms have been proposed for D(@; k)

14 - slope based on the distribution

E 3D(61; k) = cosZ-t(O -- 0... , )/2] (5)
10

• 102 where the spreading exponent s depends on k/k, and
U/c, (c. is the phase speed of the spectral peak waves).

10 1 In a recent, comprehensive study of fetch-limited wind
wave growth, Donelan et al. proposed a variation of

S100 Equation 5 based on

"c10-1C- D(O; k) = sechU[3(0 - 0... )] , (6)

210-
where 3 = ,S(k/k,) controls the rate of spreading with
distance from the spectral peak. The geometric differ-

E ences between the two distributions in Equations 5 and
"" run 3611, Ret. 11 6 are small. More significantly, Donelan et al. found that

0- - - Rel. 12 using the half-power points to fit the observed angularM -- Ref. 13.-.r ..... -- Rel. 9 \ distribution suppressed a dependence on U/c, in the
10 orthogonal 0(k2 ) spectrum, Ret. 11 spreading function, while fitting the full angular distribu-

10-7, tion (including the noisy tail region) retained a U/c, de-
10 10-3 10-2 10-1 160 101 pendence. Those investigators advocated the former as

Wave number, k1 (cycles/m) less influenced by tail noise; on that basis, their form
Figure 1. One-dimensional wave number spectra p(kl) in the for D(6; k), which depends only on k/kp, is adopted

wind direction for fetch-limited wind wave growth conditions. tentatively as the "standard." The form of 0(0; k) they
The background asymptote shown has a slope of k1-

3 . (This proposed was Equation 6, with j = 2.28(k/kP) 065 for
and subsequent figures in this article reprinted, with permis- 0.97 < k/k, < 2.56. For k/kP > 2.56, we propose
sion, from Banner, M. L., "Equilibrium Spectra of Wind Waves," here that
J. Phys. Oceanogr. 20, 966-984: © 1990 by American Meteoro-
logical Society.) 1 = 10 - 0.4 - 0.83931kAp)

which extrapolates the spreading parameter to higher
wave number observations of Banner et al., 9 the ob- wave numbers. This form simply matches the ordinate
served dependence on the wind speed in 0(k,) and and slope at the transition k/kP = 2.56 and provides
0(k2) is significantly weaker than linear in the observed a proposed spreading cutoff at high wave numbers (see
spectral range embracing 0(1 m) wavelengths. Banner" for a detailed discussion). This form is also

Again, the one-dimensional wave number spectra sug- consistent with other very recent observations (M. A.
gest the potential importance of directional effects near Donelan, private communication, June 1989). Other
the spectral peak. Further insight is provided by the D(O; k) correlations were also considered by Banner"5

directional wave number spectrum ,$(k, 0), which de- to assess the relative sensitivity of the findings. The stan-
scribes the distribution of wave energy propagation with dard form for D(6; k) adopted here is shown in Figure 2.
respect to wave number magnitude k and direction 0. Extraction of a form for the slice in the dominant
Observed wave number spectra, if determined from fro- wave direction ,D(k, 0ma,) from available, observed
zen spatial images (such as those found in stereophoto- wave number spectra for fetch-limited growth has been
grammetric methods, e.g., Ref. 14), have an inherent carried out using the form of D(O; k) proposed by Done-
180" ambiguity, which can be unfolded (as discussed ]an et al. 7 On the basis of that extraction, we propose
subsequently) using a directional spreading function here that
DO(; k), defined here by

D(O; k) = <P(k, O)/4b(k, 0ma) , (4) 4D(k, Orlm) = a[U/cp] k a , (7)

where 0ma is the dominant wave direction. This form where a = 0.45 x l10-. We have assumed an intrinsic
of D(0; k) does not have the customary unity polar in- wind speed dependence to be a function of the wave age
tegral, being constrained only by cP!U, consistent with the frequency spectral depen-

dence on wind speed found in Ref. 7. A fuller account
t (k, 6ma)D(O; k)k dk dO = , of the extraction of 4X(k, 0) from the available wave num-

ber data is given in Ref. 15. Observational support for
the mean squared wave height. Although this form for Equation 7 is shown in Figure 3, which presents data
D(O; k) and the customary angular spreading function on t(k, 0mx) weighted by k' and (U/c,) ' from var-
(not suited to the present analysis) have different relative ious studies. The tails of the individual data sets are
magnitudes, their directional dependence is the same. noisy, but the quieter regions conform reasonably well
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361 corresponding closely to the form proposed by Donelan
121 and Pierson, " which was in turn based on the findings

of Donelan et al.'

MODEL CALCULATIONS

In what follows, we use Equation 8 to calculate fre-
0. quency spectra, primarily to reveal the underlying in-

49 25 9fluences shaping different parts of the spectra and for
comparison with present equilibrium range predictions.
Peak enharn:ement effects that influence the spectral
shape near the spectral peak" have not been included
explicitly here, but their impact on the spectrum at higher

0- 0max frequencies is considered. Also, the linear dispersion re-
0.5 lation for gravity water waves has been assumed

throughout.
The frequency spectrum is related to 4(k, 0) by

F(w) = 2g I[k3 '24(k, 6) dOlk6

= 0.9 x 10 4g2[Ulcp] -L" L

1x .ID(0; k) dOI" (9)

Figure 2. Polar plot of the directional spreading function 7  from which the departure from w 5 behavior is predict-
D(0; k), given by Equation 6, shown for seven values of k/kP, ed only where the spreading function strongly depends
Axes represent linear wave number values normalized to 1.0 in on k (or w), as suggested in Ref. 7. In Figure 2, this re-
the direction of maximum response 8ma-. gion is largely confined to the spectral subrange below

k/k, = 0(25), or w/wp = 0(5), which is where we ex-
pect to see the influence of D(0; k). Results for a domi-

10- nant wave number of 0.022 cycle per meter (5.4-s waves)
and a wind speed of 11.2 m/s under fetch-limited growth
(U/c,)-- 1.3) are shown in Figure 4. Also shown are
results for doubling and halving the wind speed (both

- •at a fixed fetch), with peak wave numbers of 0.0104 cy-
-,_____ "-cle/m with U/c, = 1.8 and 0.0465 cycle/m with U/cp

- 1.0, respectively. Results are based on the empirical
-- /nondimensional fetch-limited relationships proposed by

Donelan et al. 7 for the fetch dependence of the peak
Cr frequency.

Srun 36/1, Ref.1 1 The calculated Rw) shows a dependence close to w
o observation #4, Ref. 14
"0 observation #2, Ref. 14 below w1  - 0(3) and a transition to w 5 depen-
+ observation #1, Ref. 14 dence for higher wl/Lp. At given frequencies below

-with assumed D(0; k), Ref. 9 w/W, - 0(3), the apparent wind speed dependence at
10 -s _ ...I .1 .. I .... - a fixed fetch is nearly linear. Similar calculations have

10- 10 10- 10 been performed using alternative formulations of D(0; k)

Wave number, k (cycles/m) (e.g., Ref. 18), which incorporate a spreading function
dependence on both U/co and k/k. These calculations

Figure 3. Slice in the dominant wave direction 0mea through result in slightly sr n e and speed Th es but
the directional wave number spectrum 4'(k, Omax), weighted by stronger wind speed dependences but
k4 and [Ulcp] - /'2 for fetch-limited wind wave growth. The hoh- still reproduce a frequency dependence close to w
zontal asymptote shown has a slectral level of 0.45 x 10 -'4. near the spectral peak.

Above w,/aw, 0(3), the calculated spectra become
asymptotic to w. dependence with a very low appar-
ent wind speed dependence. As noted above, however,

with the proposed form of Equation 7, although further Doppler shifting can be important, so its effects must

supportive data are clearly desirable. be considered before placing too much credence on the

The proposed directional wave number spectral model calculated spectra.
from Equation 4 with Equations 6 and 7 is then Banner1 5 undertook an analysis using the assumed

model for 4(k, 0) to assess the typical influence on the
frequency spectrum of Doppler shifting effects from (I)

$(k, 0) = 0.45 x 10 4 [U/c, ] j k - D(O; k) , (8) local advection by the orbital motions associated with
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Figure 4. Calculated frequency spectra based on the proposed Figure 5. Effect of tne slope AK of the spectral peak on the
wave number spectral form of Equation 7 for the directional tail of the frequency spectrum over 3 < w/wo < 30 for the in-
spreading function D(6; k) shown in Figure 2. The central solid dicated slopes AK: dotted lines, spectral peak orbital motions
curve is for a reference spectral peak wave number of 0.022 alone; solid lines, spectral peak orbital motions and wind drift
cyclelm and a reference wind speed of 11.2 m/s. The upper and of 0.05cp, representing a wind speed of about 30 mts for 7-s
lower solid curves are for peak wave numbers of 0.014 and waves (L is in rad/s). Also shown for 1.3 < wKwp < 3, in non-
0.0465 cycle/m, respectively, corresponding to doubling and halv- dimensional form, is the computed w - n dependence, with n
ing the wind speed under fetch-limited conditions. = 4. The nonequilibrium peak enha'ncement region below w.w,

S1.3 is indicated by dashes.

the dominant waves and (2) incremental wind drift cur- of the spectral peak, together with the wind speed. In-
rent effects. Calculations were performed using a two- deed, this agreement has been verified for several exam-
scale approximation model based on the modulation the- pies, one of which is shown in Figure 6 (others are re-
ory described by Phillips. 9 An exact Stokes wave mod- ported in detail in Ref. 15).
el for the dominant wave and a vind drift modulation In addition, transitional behavior near wlwp = 0(3)
model were assumed, neglecting local refraction effects obtained from the model calculations explains the fre-
(estimated to be of secondary importance). The results quency dependences described previously. For example,
of the calculations for w/lw > 3 and different domi- Figure 5 shows, for the dominant wave slopes [AK =
nant wave slopes AK (or, equivalently, peak enhance- 0.081 typical of those data, an cw 4 dependence near the
ment) are shown in Figure 5. Results indicate that the spectral peak, transitioning to w ", with n - 4.75 for
effect of Doppler shifting from the specified sources is W/Wp > 0(3). These dependences agree well with For-
unimportant near the spectral peak, but significantly in- ristall's observations.8
fluences the frequency dependence in the tail of the fre- Calculations of one-dimensional spectra for typical
quency spectrum. The incremental effect of a very sub- ocean wave and wind speed conditions are described by
stantial wind drift level of 0.05cp, equivalent to a wind Banner, 15 who found that both near the spectral peak
speed of - 30 m/s for 7-s waves, appears to be second- and toward higher wave numbers, calculated 6(k, )
ary for typical sea states (AK = 0.1), although it be- spectra agreed well with a k - behavior. The calculated
comes increasingly more important toward higher wind speed dependence was found to be weaker than
frequencies for iower dominant wave slopes, linear, and, toward higher wave numbers, calculated

Ambient ocean currents can also induce changes in 0(k,) and 0(k1 ) had similar dependences.
the observed frcquency spectrum. Donelan et al.'
showed that typical ocean current levels had minimal ef- DISCUSSION AND IMPLICATIONS
fect on the shape of the frequency spectrum near the
spectral peak. Calculations of this influence at higher OF RESULTS
frequencies are reported elsewhere."' Near the spectral peak (1.3 < wlwp < 3), the dircc-

The composite form shown in Figure 5 should agree tional anisotropy of the wave energy significantly influ-
closely with frequency spectra observed for fetch-limited ences the forms of the frequency and the one-dimensional
growth conditions, given the wave number and slope AK wave number spectra. In addition, the assumed depen-
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PETER A. E. M. JANSSEN

ON NONLINEAR WAVE GROUPS AND CONSEQUENCES
FOR SPECTRAL EVOLUTION

We review the theory of nonlinear four-wave interaction of a homogeneous, random wave field, with
emphasis on the range of validity of the Hasselmann equation. For the slow time evolution of the wave
field on a coarse spatial grid, the Hasselmann approach is adequate, but for the detailed evolution of
,he wave field on a fine mesh grid (on the order of 1-5 km), inhomogeneities in the wave field should
be taken into account, resulting in a different energy balance equation.

INTRODUCTION

Since the fundamental investigations of Phillips' and for both the effects of spatial inhomogeneities and the
Hasselmann, 2 investigators have shown considerable in- energy transfer associated with the homogeneous spec-
terest in the energy transfer due to four-wave interac- trum. From this analysis, it became apparent that in-
tions of a homogeneous, random sea."• The effect of homogeneities gave rise to a much faster energy transfer,
nonlinear interactions is twofold. First, four-wave inter- TN,; = 1IE2Wf, comparable with the typical time scale
actions are controlling the shape of the high-frequency of the Benjamin-Feir instability.
part of the spectrum, and second, they give rise to a cc.i- Alber and Saffman' found the important result that
siderable shift of the peak of the spectrum to lower fre- inhomogeneities in a homogeneous wave field were gen-
quencies. The discrete interaction approximation to four- erated by an instability (which is the random version of
wave interactions has been successfully implemented by the Benjamin-Feir instability), if the width of the fre-
the Wave Model Development and Implementation quency spectrum is sufficiently small. For a spectrum
(WAMrI) group' in the third-generation wave prediction with Gaussian shape, instability was found if a :5 co0,
model, called the WAM model. where w0 is the peak frequency. In the limit of vanish-

In this article, we discuss the range of validity of the ing width, the deterministic results of Benjamin and
statistical theory of four-wave interactions of a homo- Feir" on the instability of a uniform wave train were
geneous wave field.2 The resulting nonlinear energy rediscovered, Clearly, finite bandwidth is stabilizing. The
transfer occurs on the time scale TNL = I /l ", since stability criterion (a > cwo) tells us that the growth rate
the rate of change in time of the action density N is of the Benjamin-Feir instability vanishes as the correla-
proportional to N3 . Here, c is a typical wave steepness, tion time of the random wave field (about I /a) is reduced
and w• is a typical frequency of the wave field, e.g., the to the order of the characteristic time scale for modula-
peak frequency. The theory is valid only for weakly non- tional instability of the wave system (about 2 7r/wma,

linear waves (E < 1) because of the assumption of (near- where at 0ma,, ,ne has maximum growth for a - 0).
ly) Gaussian statistics. An additional restriction of the Thus, decorrelation of the phases of the wave leads to
nonlinear theory of a homogeneous wave field is that stabilization of the wave train on the short time scale
the corresponding frequency spectrum is broad enough; TN,• = li/ w,, and nonlinear transfer of energy is then
that is, the spectral width a should satisfy the inequality possible only on the much longer time scale
a > eco 0 . This last condition can be understood only in TN7 = I/&4%,.
the framework of the inhomogeneous theory of four- The result of Alber and Saffman has the following
wave interactions. implications: (1) for sufficiently broad spectra

The Hasselmann theory of four-wave interactions (a > Ew,), only Hasselmann's four-wave interactions
gives an adequate description of the slow time (and are relevant; (2) spectra derived from a sufficiently long
space) evolution of a random, homogeneous wave field. time series should have a width larger than trwo, because
On a short time or spatial scale, another description of for smaller spectral width the spectrum would be unsta-
the wave field is more appropriate. And indeed, a much ble; and (3) since the spectral width exceeds a minimum
faster energy transfer is possible in the presence of spatial value, the average length of a wave group (1) must be
inhomogeneities. For an inhomogeous, random sea, smaller than some maximum. For a steepness E 0.1.
Alber and Saffman7 and Alber' clerived an equation theory tells us that ( =n, 2.
describing the evolution of a narrowband wave train. Regarding the applicability of the statistical theory of
Finally, Crawford el al., 9 following Zakharov's ap- four-wave interactions of a homogeneous wave field to
proach, "' obtained a unified equation for the evolution wave prediction modeling, we therefore conclude the fol-
of a random field of deep water waves, which accounts lowing: On the short time scale T I 1E,,, a fast
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energy transfer is possible in the presence of spatial in- By choosing appropriate canonical variables, Zak-
homogeneities (i.e., wave groups), if the spectrum is harov, ' Broer, " and Miles"4 independently found that
sufficiently narrow. Because of this energy transfer from E may be used as a Hamiltonian. The proper canonical
the main peak of the spectrum to the side bands, how- variables are
ever, the spectrum broadens until the random version
of the Benjamin-Feir instability is quenched. - Non-
linear energy transfer is then possible only on the much n and i(x, t) - <5(x, z = t, t) (5)
longer time scale T.•t --- l/l'w 0 , in accordance with
Hasselmann's theory of four-wave interactions. This
means that for (global) applications with a coarse reso- The boundary conditions at the surface are then
lution (Ax > 10 km), the Hasselmann equation gives equivalent to Hamilton's equations,
an adequate description of the evolution of a random
wave field. For fine-mesh applications (Ax < 5 km), a-n 6E a1  6E
however, the effect of inhomogeneities on nonlinear at 6 ' at 6-q (6)
energy transfer should be taken into account.

THE ZAKHAROV EQUATION where 6E/It is the functional derivative of E with re-

In this section, we describe the derivation of the de- spect to ¢,.Equation 6 has certain advantages. If one is able to
terministic evolution equation for surface gravity waves sovethe potentia problem

in deep water from the Hamiltonian for water waves.

Consider the potential flow of an ideal fluid of infi-
nite depth. We choose coordinates such that the undis- ',6 + - 0
turbed surface of the fluid coincides with the x-y plane. dz
The z-axis is pointed upward, and the acceleration of
gravity is pointed in the negative z-direction. Let ? be
the shape of the surface of the fluid, and let o be the with boundary conditions
potential of the fLow. The flow is then described by
Laplace's equation, 0(x, z = 7) = 'f (7)

a2 a2 a ,- a(x,z)A +0,I=-F = O, Z-- -- 00•c • XT + aya, I z

with two conditions at the surface z =thereby expressing 0 in terms of the canonical variables
a?? a ? and •', then the energy E may be evaluated in terms

+ = a ofr and V, and the evolution of r7 and ' follows at once

from Hamilton's equations (Eq. 6). Zakharov"' ob-
"2 tained the deterministic evolution equations for water

+_ (I + • (~ + 7 0( waves by solving the potential problem (Eq. 7) in an iter-
+t 2 2 •(zV' ative fashion for small steepness 6. Substitution of this

series solution into Equation 4 results in the following

where g is the acceleration due to gravity, and a condi- expansion of the total energy E:

tion at z --

0 . E = 2E2 +. 3 E. + fE 4 + O(f) • (8)- = 0 . (3)
az

Of course, nonlinearity enters our problem through the Retaining only the second-order term of E corresponds
boundary conditions at the surface z =n. to the linear theory of surface gravity waves, the third-

Equations I through 3 conserve the total energy E of order term corresponds to three-wave interactions, and
the fluid, where the fourth-order term corresponds to four-wave inter-

actions. Since three-wave interactions are absent for
deep-water gravity waves, one has to go to fourth order

,~ in c to obtain a meaningful description of the wave field.

l.AI [lVO+ ("')2)dZdX Also, in the absence of three-wave interactions, a sepa-
2 aL \d:+d ration between free and bound waves is possible. By us-

ing this distinction, the amplitude A(k, t} of the free-

+ g dx (4) wave part of the wave field satisfies the so-called Zak-
2J harov equation,
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a Gaussian distribution. This assumption is reasonable for
-A, + iA = -ij T1.34  weakly nonlinear waves with small steepness i. In addi-

tion, we assumc in this section that the ensemble ol
waves is spatially homogeneous. Let us discuss these as-

x 6i(k, + k, - k - kJ)A•A3A 4 dk, 1k1 (k 4 • sumptions in more detail first.
(9) A wave field is considered to be homogeneous if the

two-point correlation function (il (x, ) (x,) > depends

Here, an asterisk denotes the complex conjugate, 6 is only on the distance x x+ , and not on the aserace

the Dirac delta function, and we introduced the nota- vation that is related to the action density uariable A ac-

tion A, = A(k,), where k, is the wave number vector; cording to

the dispersion relation is given by

= =glk, (10) ) [A (k)e: + A* (k)e "Jdk
w,~hee = -kgk I 27 2u

Finally, A, is related to the action density, since where 0 = k x
It is now straightforward to verify that one deals with

a homogeneous wave field if the ensemble average

E, JIAI-' dk (I1) (AA* satisfies

The interaction coefficient T1234 was obtained by (AA,) = N,6(k, -k,) (13)

Zakharov") and Crawford et al. 9. The properties of the
Zakharov equation (Eq. 9) have been studied in great where N, is the spectral action density. Thus, w, N,
detail by, for example, Crawford et al.'- (for an over- denotes the spectral energy density. Equation 13 will have

linear dtspee son reain first6. obteain ed by Stoke so important consequences, as will be discussed at the end
linear dispersion relation, first obtained by Stokes,"• of this section.
follows from Equation 9. Also, the instability of a weak- To truncate the infinite hierarchy of moment equa-
ly nonlinear, uniform wave train (the so-called Benja- tions, one has to express, in an approximate sense, the
min-Feir instability) is well described by the Zakharov higher-order moments in terms of lower-order moments.
equation; the results on growth rates, for example, are In general, for a zero-mean stochastic variable, AI, the
qualitatively in good agreement with the exact results of following relation between the moments can be obtained:
Longuet-Higgins. 8

The Zakharov equation is therefore a good starting
point to study the properties of a random wave field. (AA) = 0 ; (AA A) = BA, ; (AA•A,A,> = Ckg

EVOLUTION OF A HOMOGENEOUS
RANDOM WAVE FIELD (AAA1AA,,> = B•RB,,, + BkB,,,, + B,,Byl

The Zakharov equation (Eq. 9) predicts amplitude and
phase of the waves. For a practical application such as
ocean wave prediction, the detailed information regard-
ing the phase of the waves is not really needed. One can
content oneself then with knowledge about averaged Here, B, C, and D are called curnulants of the distri-
quantities such as the moments, bution function. Now, for a Gaussian probability dis-

tribution with zero mean, all the cumulants except B,,
vanish. The finiteness of the other cumulants is there-

(A, >,(A, A 2 ), etc. , (12) fore a measure of the deviation from Gaussian behavior.
If, however, C and D are small (because of small wave
steepness), the higher-order moments may be expressed

where the angle brackets denote an ensemble average, in the second-order moment so that closure of the (in-
In this section, we sketch the derivation of the evolu- finite) hierarchy of moment equations may be achieved.

tion equation for the second-order moment <A, A,) In the statistical theory of the evolution of a wave
(assuming a zero mean value, <A > = 0) from the field, the Gaussian distribution, therefore, plays a cen-
Zakharov equation (Eq. 9). It is known, however, that tral role. This follows from the central limit theorem that
because of nonlinearity, the evolution of the second mo- tells us that if the A, 's have random and independent
ment is determined by the fourth moment, and so on, phase, the probability distribution is Gaussian. Suppose
resulting in an infinite hierarchy of equations. To obtain now that initially we are dealing with a wave field with
a meaningful truncation of this hierarchy, we assume random uncorrelated phases. If the waves are noninter-
that the probability distribution for A, is close to a acting, the phases remain uncorrelated. Nonlinear inter-
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actions, however, will tend to create correlations (higher x 6(2 + 3 - 4 - 1) b(w, + ý - 4 -

cumulants), but if the waves have a small steepness, this
effect may be weak. Hence, for weakly nonlinear waves,
one may expect that the wave field is near-Gaussian, so x IN_•N, (N, + N+ •
that the rate of change of the wave spectrum (or second
moment) is expected to be small; for large times, hoxs-
ever, this small effect may have significant consequences - Ný N4 (N, + 1 )N , dk, dk, dk, (17)
regarding the evolution of the wave spectrum.

Let us now sketch the derivation of the evolution Details of this derivation may be found in Hasselmann.,

equation for the second moment (A< A7> from the de- Davidson, '" and Janssen.2'

terministic evolution (Eq. 9). To that end, we multiply From Equation 17 one immediately infers a typical
Equation 9 for A, by A,, add the complex conjugate time scale TI for nonlinear four-wave interactions in
with i and j interchanged, and take the ensemble average: a homogeneous \Nave field. With ( a typical wave steep-
a ness and w, a typical frequency of the wave field, we

- (AA7) + i(.,, - w_1 )<A,A;) = find T\1 =Off

at We emphasize that Equation 17 gives an adequate
description of nonlinear interactions in a homogeneous

- iTI, 6(2 + 3 + 4 - i) wave field if the %%ave steepness is sufficiently small so
that the near-Gaussian assumption is satisfied. Another
restriction requires that the wave spectrum be sufficiently

"× [AA2 AA*A*> - C.C.(i - j)] broad so that effects of inhomogeneity of the xkave fieldmay be disregarded. We discuss this last restriction in
more detail in the next section by studying nonlinear in-

"x dk, dk3 dk4 , (15) teractions of an inhomogeneous wave field.

EVOLUTION OF AN INHOMOGENEOUS
where C.C. denotes complex conjugate, and i - j RANDOM WAVE FIELD
denotes the operation of interchanging indices i and j To investigate the effect of inhomogeneities on the
in the previous term. For simplicity, we took the con- nonlinear energy transfer of weakly nonlinear water
stant value T, for the interaction coefficient T,23,. waves, we consider the special case of a narrowband

Because of nonlinearity, the equation for the second wave train, which is described by the nonlinear
moment involves the fourth moment. Similarly, the Schr6dinger equation. For weakly nonlinear waves, the
equation for the fourth moment involves the sixth mo- surface elevation is given by
ment. It becomes

a + i(W, + Wj - k - W)] <AiAJAA7 Rela(x, t)expli(kox - •.t)]l (18)

where w0 and k1 are the angular frequency and the

-iT 0  [6 (2 + 3 - 4 - i)(A.A 3 AAAZA'A;) wave number of the carrier wave, respectively, which
obey the deep-water dispersion relation w,) = (gk1 ) :
and a(x, 1) is the slowly varying envelope of the wave.

"+ (i - j) - 6(2 + 3 - 4 - k) (AA;AA, AIAJ*) The evolution of the envelope is determined by the non-linear Schr6dinger equation,

" (k 1)] dk, dk3  dk , . (16) i( + a) a

Perhaps surprisingly, invoking the random-phase ap- I a 2  a - 0 , (19
proximation (Eq. 14) on Equation 15, combined with +2 ýxa 2 A71 a = 0 (19)
the assumption of a homogeneous wave field, results in
constancy of the second moment (AiA7). Hence, we
have to go to higher order; that is, we have to deter- where the prime symbols denote differentiation with re-
mine the fourth moment through Equation 16. spect to k,). Transforming to a frame moving with the

Application of the random phase approximation on group velocity w, and introducing dimensionless units
the sixth moment and solving Equation 16 for the fourth t = /2}l, , = 2kcx, and d = ka, the equation for
moment result eventually in the Hasselmann equation d (which for a uniform wave train is just the wave steep-
for four-wave interactions, ness f) becomes

a a-a- a - lal-a 0 (20)t + 4 2r .T4 2t a
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where we have dropped the tilde. In a statistical descrip- Equation 24 is the basic evolution equation of the spec-
tion of waves, one is interested in the time evolution of trum W of a random inhomogeneous wave field in the
the two-point correlation function p(x,, x, t) defined narrow band approximation. The theory for general
as spectral shape is given in Crawford. 9

Alber and Saffmand and Alber' studied the stability
of a homogeneous spectrum and found that it is unsta-

p(x, r, t) =- (a(xl, t)a*(x,, 0)) , (21) ble to long wavelength perturbations if the width of the
spectrum is sufficiently small (random version of
Benjamin-Feir instability). To see whether a homoge-

where x is the average coordinate (x1 + x2)/2, r is the neous spectrum Wo,(p) is a stable solution of Equation
separation coordinate x, - x1, and again the angle 24, one prcceeds in the usual fashion by perturbing
brackets denote an ensemble average. The inhomogeneity W,(p) slightly according to
of the wave field is expressed by the fact that p is also
a function of the average coordinate x. Invoking the
Gaussian approximation (i.e., Eq. 14 with D = 0), the W = W, (p) + R$', (p, x) , W , (25)
transport equation for p becomes

a a. and one considers perturbations of the typei-p - 2O-rp
at axar

-2p[p (x+ !r,) - ! r,)] =0 W,= exp i(kx - wt) (26)
-~ 22 + r,0 - - r,0 =0(22)

The eventual result of the analysis is then a disper-
sion relation between w and k. Instability is found for

In agreement with a remark from the previous sec- Im(to) > 0. A symmetrical spectrum is found to be mar-
tion, the evolution of a homogeneous wave field is not ginally stable if
interesting at this level of description, since with p ;e
p(x), we have ap/at = 0 from Equation 22. Small devi- dp d
ations from Gaussian behavior have to be included to d+ d ," (p) - 0 (27)
obtain a nontrivial evolution of a homogeneous wave p dp 0
field. The relevant time scale for energy transfer in a ho-
mogeneous wave field is therefore TNLO(1il 4 %O). In where, for definiteness p = (w - ,)/w,, where w. is
the presence of spatial inhomogeneities, a much faster the peak frequency of the spectrum. For a Gaussian
energy transfer is possible. From Equation 22, one then spectrum,
finds TNL = O(l/0E2WO).

From Equation 22 one obtains for the envelope spec-
trum W, defined as Wo(p) - e-p , (28)

a ,4 2r

W(x, p) p p(x, r)eIPr dr , (23) where (a)> is the mean square significant steepness
27r ~and a is the width of the spectrum, the condition for

marginal stability becomes
the transport equation,

a a I( a2 \ax( , (29)
iW+ 2 p-W + 4sind -P --8t ax (2 p x"

where O,, is the threshold spectral width.
We conjecture that in nature one should expect to find

wave spectra with a width larger than Ulh, because for
smaller widths the random version of the Benjamin-Feir

where instability would occur, resulting in a broadening of the
spectral shape. For a random finite-band wave train, this

I a2 broadening is an irreversible process because of phase
mixing. 2 This conclusion contrasts with the work of

(2 apax " Yuen and Lake,"6 who claimed that the effects of in-
homogeneity would give rise only to a reversible energy

ti a2 transfer. In Janssen, ,' the time scale Tr, of broadening

1 2 ap ax' was estimated for a Joint North Sea Waves Project (JON-
S(2+ SWAP,) spectrum. The result for a young wind sea (ION-

2i (21 + 1)! SWAP parameters y = 3.3, -, = 0.1, (Y = 0.01) is
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rb, = 500/wu . (30) The theory of weakly nonlinear interao• ', of an in-
homogeneous random wind sea predicts that the width
of a wind sea spectrum is larger than a certain threshold,

Other effects relevant for the energy balance of wind or that the quality factor Q, is smaller than a certain
waves have a much larger time scale. Consider, for ex- threshold. From a selection of Ymuiden data, it may be
ample, the increase in wave energy by wind. Using the inferred that the quality factor (taking the statistical scat-
Bight of Abaco parameterization, 22 the time scale T%' ter into account) is close, but always below the thresh-
for the increase in wave energy by wind is given by old, a result that has some immediate consequences. For

instance, we can make the following remark on wave

5000 1 groups. Ewing25 has shown that a relation exists be-
r W X / - (31) tween group length (1) and the width of a spectrum,

U5 /c -namely,

where Uý is the wind speed at a height of 5 m, and c r
is the phase speed of the gravity waves. Clearly, for a (1,

young wind sea, Trb is much smaller than rw, indicating k 27r
that inhomogeneous nonlinear interactions are impor-
tant at the peak of a young wind sea. where k = p/tmo:, p is a reference level (k = 2 cor-

To test our conjecture, Janssen and Bouws2'3 decided responds to the significant wave height). Theory now tells
to determine the width of measured spectra. To avoid us that the average length of a group has a maximum.
contamination by high-frequency noise, they used, fol- For the Ymuiden data, (/) is typically on the order of 3.
lowing Goda, 24 the quality factor, Another consequence is a limitation to the validity of

Hasselmann's evolution equation for four-wave inter-
2 2 ' actions. The wave spectra should be sufficiently broad

W= -- wE 2(w) dw , (32) (a > eco), because otherwise strong inhomogeneous
nonlinear energy transfer would occur. Since these inter-
actions occur on a short time scale (TN, = 1/2" 0),

where m0 is the zeroth-order moment of the spectrum. however, it may be concluded that for (global) applica-
In terms of dimensionless quantities, Q, becomes tions with a coarse resolution (A x > 10 km), the Hassel-

mann equation (Eq. 17) gives an adequate description
2 ( 1 of nonlinear interaction of a random wave field. On the

QP m (P + 1) W2 (p) dp other hand, for fine-mesh applications (Ax < 5 km),
effects of inhomogeneous nonlinear energy transfer

and for the Gaussian spectrum (Eq. 28), one finds should be taken into account.

1 1
Qp- +-. (33)

a • 27r Ymuiden data

Since the significant wn':." "tPn?1 (a2 = k

with kP the peak wave number, and since according to Unstable

Equation 29 a stable spectrum should have a width a 15 •
> (a) :, we find that QP should obey the inequality,

1 
1 -

_ . >. ,• . o,,%o,
I I

Spectra with a Qo larger than the right side of Equa- • - : . ".. .- 4.....".. . ..
tion 34 are unstable according to theory. Hence, if one o" - "" " ' .' . " "•
determines Qp from time series for which the length is 5-
larger than r5, (Eq. 30), the inequality (Eq. 34) should Stdbte
be satisfied. In Figure 1 we have plotted the experimen-
tally determined quality factor Qp, (from weather sta-
tion Ymuiden in the North Sea) as a function of the sig-. 003 t
nificant steepness kp mo- with mo1 determined for the 0.3 00 .0 .6 00
frequency domain immediately around the peak; Equa- Significant steepness, a0;l•=kp mo
tion 34 is also shown. The agreement between experimen- Figure 1. The quality factor OQ versus the significant steep-
tat data and theory is good. Details regarding the selec- ness for young wind waves. The solid line is the threshold tor
tion of the data, for example, are in Ref. 23. stability according to theory (Eq. 34).
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CONCLUSIONS ' 14at e Iisth f little Banu'cdrl: .'p1 Sjt fn. 31241 3 ,., 1,t 4,0). 1 k{\%I Do tlI 'Ald
SacSystem) Gru (17)

We have reviewed the range of validity of the theory AII,,r, I L.,h- 11t: fetn of RandonijrNs on[t,: St(ahlltti of I sso jiiictisj'loal
So lace Wase rtinins. Prot. R ý,x I rushe A%3,3 525 s4rt9.r

of nonlinear four-wave interactions of a random wave 'ýCrastord. 1). R., Saffman, I1ý (' . and Nuen, It ( . A lusl~iono a

field. Two types of nonlinear interactions are found. On Join Irihornotgneous lurcid of" Nonlinear 1) \'~kalcf (,TNlas tN 1 "'a~s ' l ,

the short time scale TNI, 00/E2 Loo~), energy transfer Mo~~~tio 2, 1-16 t1980). \aSC0II Atltde(ttr
IVKharoj V. L.1;, "Stahiil ' ot lroiýýde fhlt mltd nIi

owing to spatial inhomogeneities occurs, if the width of S~uirfaX~ ot a [Deep F"Iuid." 1h, %lekl.l'h. Iekh I iz- 9. K6 94 (Fcngbsh t rain

the spectrum is sufficiently small. This inhomogeneous 1 tt'tt in J. Appi. Nlech. Ieth. Phies. 9. ) 193.(4 198
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SEAKEEPING AND SURFACE MEASUREMENTS

IN WHICH SURFACE TECHNIQUES FOR ESTIMA TING
THE DIRECTIONAL OCEAN WA VE SPECTRUM ARE

DESCRIBED AND EVAL UA TED



SUSAN L. BALES

SOME COMMENTS ON THE SIGNIFICANCE OF LEWEX
FOR SHIP DESIGN AND OPERATIONS

Gross disagreements between measured and forecast spectra can o, i be explained by small errors
in time or location.

During a conversation about ocean waves and linear land-based design studies, where omissions at one loca-
superposition some years ago, a friend of mine noted that tion or time are picked up at another, their significance
the sea cannot be measured by the bushel. During the at sea is an entirely different matter.
Labrador Sea Extreme Waves Experiment (LEWeX), I was From the apphications viewpoint, I think the most crit-
convinced at times that the sea could not be measured ical user issue in ocean waves, for the next decade at
by any unit, instrument, or other means, regardless of least, is that of space and time. I believe the marine ve-
one's intention. Then, after a few delicate days of high hicle design community is nearly adequately equipped
sea states, just as we reached our destination at the two with operational databases and spectral models to do its
LEW•X measurement sites, we encountered what seemed job. Although most ships, certainly those in the U.S.
to be the lowest extreme waves ever experienced. Accord- Navy, are not as structurally survivable as they once
ingly, the crew of HNLMS Tydeman renamed the exper- were, they are still adequate. We expect a certain amount
iment but kept the acronym. On the basis of climatology, of damage and can sustain it.
most of us had predicted six- to ten-meter sea states, but A reliable forecast of the weather, including wind and
only two- to five-meter seas were measured. waves, can make a tremendous difference to a ship at

Other papers in this issue address scientific issues. But sea, particularly in heavy seas. We can justify ocean wave
from the point of view of ship design and operation, I research merely because it is good science. But can we
would like to discuss future requirements regarding the continue to find adequate financial support without
accuracy of ocean wave measurements. A few years ago making a substantial contribution to national economic
at an ocean wave symposium at APL, I suggested that the or defense goals?
seafaring community requires wave measurement accura- Mathematicians have been experimenting with chaos
cies of :0.3 m in significant wave height through sea theories for at least a decade. They have concluded that
states 4 to 7, :k1 s in modal period over a range of 3 long-range weather forecasting is extremely sensitive to
to 24 s, and +7.5' in directional spreading in 150 the initial conditions. Although the models may agree
increments, well with measurement initially, a slight perturbation

Those requirements were based on the responsiveness eventually makes a huge difference.
of typical marine vehicles to the wave spectrum. I failed Could small errors in initial values be our major prob-
to address two areas not inherent in design work that lem in forecasting? Playing the devil's advocate for a mo-
make all the difference in the world at sea, namely, time ment, one could argue that from the viewpoint of an in-
and location. During LEWEX, we found that the wave dividual ship, global modeling is not very helpful, and
forecasts available to us on board the ship did not have that in situ or remote measurements in local areas are
adequate resolution to identify important temporal and more critical. Hullborne radars, expendable buoys, and
spatial variations in the ocean. Two years have passed constellations of satellites with appropriate down-links to
since I examined those data, but I do not recall reason- land and shore sites could provide initial values, data for
able agreement between prediction and reality, reality climatology upgrades, and localized ocean wave data.
in this case being the human sensor on the spot. This LEwEx can help sort out where we are, in both
aspect of the forecasts is critical when one is trying to modeling and sensor capabilities, and can provide us with
route ships, avoid damage, maximize ship system per- a forum to continue the multidisciplinary synergism that
formance, or determine in real time where to drop buoys it has fostered. The resulting insights could shape wave
for an ocean experiment such as LEWEX. Although tem- research and appli'ations for the next decade.
poral and spatial forecast errors are not as critical for
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THE CFAV QUEST'S LEWEX EXPERIENCE

The seakeeping performance of the CfAV Quest during the Labrador Sea Extreme Waves Experiment
demonstrates the inadequacy of unidirectional sea-state descriptions and, even more important, demon-
strates deficiencies in the unidirectional sea-state model's accepted successor, the unimodal, two-parameter
spectrum with 90* cos' spreading.* A more complete, often multimodal, sea-state description can re-
veal strong, unexpected variations in ship response with heading, and can result in substantially improved
ship operability assessments.

INTRODUCTION

A Canadian Forces Auxiliary Vessel, CFAV Quest,
was one of two vessels participating in the Labrador Sea
Extreme Waves Experiment (LEWEX). The Quest carried
scientists and equipment from six agencies within Canada
and the United States. Its work program supported the
goals of two Research Study Groups (R1SGI and RSG2) Of
the NATO Defence Research Group Special Group of Ex-
perts on Naval Hydrodynamics and Related Problems
(SGE[Hydro]), and provided open ocean data for the
Labrador Ice Margin Experiment (LIMEX '87).

The Quest is a 2200-tonne twin-screw diesel-electric
vessel that primarily supports underwater acoustics re-
search at the Defence Research Establishment Atlantic
(DREA). The ship is ice-strengthened to allow summer sci-
entific cruises to the Canadian eastern Arctic. Figure 1 -I

shows a view of the Quest; the following are its nominal
particulars:

Displacement 2200 tonnes Figure 1. The CFAV Quest.

Length between perpendiculars 71.63 m
Molded breadth 12.80 m
Midships draft 4.82 m
Installed shaft power 2000 kW Netherlands Navy), Norway (Marintek), Spain (Canal
Speed 14.5 kt de Experiencias Hidrodinimicas, El Pardo), the United

Kingdom (Admiralty Research Establishment. Dunferm-
The Quest supported the LEWEX goals relevant to the line), and the United States (David Taylor Research Cen-

NATO SGE(HydrO) RSGI Group on Full Scale Wave Mea- ter, DTRC). In keeping with its smaller size, RSCG2'S work

surement and, coincidentally, LIMEX '87 through environ- was smaller in scope than RSGi's but, as will be seen
mental measurements with on-board instruments or wave later, proved to be more difficult to complete because
buoys. The measurements are covered amply by other of the lack of extreme seas during i.E.vtx.
LEWEX articles in this volume and will not be discussed RSG2 GOALS AND PLANS
in detail here. The Quest, per se, was of more direct in-
terest to the NATO SGE(Hydro) RSG2 Group on Sea The aim of RSG2 was to conduct research into slam-
Loads, Slamming, and Green Seas Impacts, who ming and green seas impact mechanisms, to improve sur-
planned to use sea loads measured on both the Quest face ship operability in high sea states. Seakeeping trials
and HNLMS Tydeman during [EWEX. with the Quest and Tydeman were to provide important

The RSG2group is much smaller than RSGI, with par- full-scale data for RSG2, for comparison with model tests
ticipation from Canada (DREA and the Institute for Ma- and for validation of theoretical methods. The RscZ
rine Dynamics, IMD), Germany (Bundesampt ffir group also planned or identified a number of related
Wehrtechnik und Beschaffung), The Netherlands (Royal studies. For example, Canada and the United Kingdom

undertook a cooperative two-dimensional drop test pro-
"An angular spreading that varies as cos2•0 about the domninant %a~c gram to assess scale effects on the girnhwise bottom slam
direction, that is, an effective angular spread of 90'. pressure distribution, and The Netherlands indicated that
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the Royal Netherlands Navy full-scale green seas loading validation, it seerned appropriate to examine the naiga-
trials might become available to the group. tional radar technique; Nordco Limited was contracted

The RSG2 plan for the Quest and Tydeman was to develop a photographic apparatus corresponding to
straightforward: that used by Young et al.' to record radar sea-clutter in-

1. Perform individual and side-by-side seakeeping tri- formation.
als with the Quest and Tydemnan during LMEEX. A number of sets of radar sea-clutter photographs were

2. Conduct model tests with the Quest, or perhaps taken during t x. Nordco subsequently developed
with both ships, in scaled LEWEX directional seas in analysis techniques and software so that the radar
Marintek's facilities in Trondheim, Norway. (See the ar- technique could be assessed in the i FwE:x comparisons
tide by Kjeldsen in this volume.) (see the article by Ziemer in this volume). In ongoing con-

3. Use the trials and model test results to validate the- tracted research, Nordco is investigating the possibility of
oretical methods used or under development by the RSG2 scaling the radar-derived spectra to allow the significant
members. wave height to be determined.

The current meter, an InterOcean S-4 electromagnetic
INSTRUMENTATION unit, also could measure salinity and depth. Its output,

During LEWEX, the Quest carried or deployed the sys- together with expendable bathythermograph records tak-
tems outlined in Table 1. The moored wavebuoys were en on station and while in transit between sites, was
deployed in 2700 m of water. These deep-water moorings primarily for the benefit of LIMEX '87.
were a high-risk element in LEWEX because they were The Quest's motions were measured using two ship-
"once-only" evolutions. The moorings had to be manu- motion packages. The DREA'S own package used strap-
factured, before sailing, for a specified water depth, and down pitch, roll, and yaw gyros (both angle and rate)
the design had only a limited margin against failure so as well as a strap-down triaxial accelerometer. Additional
as to reduce the cost of the lower parts of the moorings, accelerometers were placed at other locations on the ship.
which would not be recovered. The Institute for Marine Dynamics, St. John's, New-

The "drifting" wavebuoys typically were streamed to foundland (IMD) package measured similar parameters
windward of the drifting ship in series on an approxi- but had a stabilized platform so that accelerations would
mately 1000-m polypropylene tether, which produced no be measured relative to Earth-fixed, rather than ship-
apparent interference with wavebuoy motions. fixed, axes.

The navigation radar photos experiment was an off- Ten 305-mm-diameter Metrox pressure transducers,
shoot of the author's interest in deriving normalized direc- installed in the starboard bow flare (Fig. 2), were of great
tional wave spectra using navigational radar as a means interest to RSG2. Large-diameter pressure transducers en-
of reducing reliance on wavebuoys during seakeeping tri-
als. All too often, when conditions are ideal for seakeep- Strain
ing trials, wavebuoys cannot be deployed from the ship. Strain gauges
Given the expected LEWEX wave spectral database for gauges

"Table 1. Instrumentation carried or deployed by the Quest dur-
ing LEVVEX. - - - - - - i I I

Parameter System Location Sponsor --

After Fore
Sea state Wavec buoy Moored WOO perpendicular perpendicular
Sea state Endeco buoy Moored DRE

and drifting --
Sea state Endeco buoy Drifting DTRC . Forecastle deck

Sea state Delft buoy Drifting Delft/ .--- .

DTRC 0- - Windlass Stores

Sea state Wavecrest buoy Drifting IMD - f - compartment

Sea state Navigation radar On board DREAupper decka-
photos --

Current InterOcean S.4 Endeco DRA S s . PressureT Stores Q)transducers
mooring -

Ship "Strap-down" On board DREA "L Water level

motions package1
Ship Humphrey stable On board TM Ballast
motions platform tank

Sea loads Pressure Bow flare DREA

transducers Straingauged

Sea loads Strain gauging Hull DREA [panel

a Marine Environmental Data Service, Department of Fisheries and Figure 2. Starboard profile of the Quest and arrangement of

Oceans, Ottawa. the pressure transducers.
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sured that only distributed pressures of structural signifi- 90
cance were measured. More common small-diameter Waves
pressure transducers often detect extreme. but very local- 120
ized, pressures that are of little relevance to ship struc- I
ture design. Wave

Strain gauges were also installed, both adjacent to one buoys
of the pressure transducers and on the main-deck lon- .1, 150

gitudinal girders ahead of and abaft the superstructure R
(Fig. 2). The bow-flare gauges were arranged to comple- to start
ment the pressure transducers, and the deck longitudinal
girder gauges assessed the bow-flare slammine-induced
longitudinal bending.

SHIP PERFORMANCE AND SEA LOADS

LEWEX suffered from an excess of good weather;
both the Tydeman and the Quest saw their worst weather
in transit to the trials area. The Quest steamed from Figure 3. The Quest's seakeeping pattern.
Halifax to St. John's in heavy quartering wind and sea,
with freezing spray, and on the evening of 7 March 1987,
while off the Laurentian Fan, an unexpectedly large wave 20
group rolled the ship down to angles beyond the range
of the bridge inclinometer (40*). Inclinometcrs are nota-
bly inaccurate, so it is unfortunate that neither ship- 1.5 7_motion package was operating at the time.

The Tydeman's arrival in St. John's was delayed by ,-
adverse gales and heavy pack ice, so that the Quest left March 15
for the t.Ev~x site without having made a planned pre- 1 i.0 -
LEWEX rendezvous with the Tydemnan. r

On her two LEFwEx sites, the Quest saw maximum sig-
nificant wave heights, H,, of only 4.3 m and typical
significant wave heights of 2.5 to 3.5 m. Perhaps with 05
the exception of the 4.3-m sea state of 17 March, these 180 150 120 90

conditions were inadequate to provide the sea loads an- Ship heading to seas (deg)

ticipated by RSG2 and required for full satisfaction of the Figure 4. Variation of theoretica, and trial pitch with ship head-

RSG'S goals. ing. The theory uses a unimodal spectrum with 90* spreading.

The Quest's seakeeping trials were planned to concen-
trate on the measurement of bow-flare slamming pres-
sures, .oing the ten large pressure transducers described Figure 4 illustrates this situation for the Quest by corn-
ea icr. An unconventional seakeeping trial pattern was paring the variation of pitch with heading with a predic-
selected in recognition of that goal. Rather than measur- tion of the expected trend using SHIP.Oiw," a typical
ing responses at a full range of headings to the sea, a ship theory seakeeping computer program. The SHiP1o4
four-heading seakeeping pattern was selected (Fig. 3). prediction was performed by using a Bretschneider two-
Headings ranged from head to starboard beam seas, in parameter spectrum with a 90' cos2 spreading function.
30' steps (with head seas being 180%, after the standard The character of the trial results for 15 and 23 March
naval architectural convention). This pattern also served differed markedly from the strip theory trend. A simi-
to make identification of "true" head seas less critical, lar result might be expected for roll motions, but clear

Side-by-side seakeeping trials were conducted when the trends were obscured by the Quest's roll-stabilizing tank.
Quest and Tydeman were at the same site in it.WEX, Pressure data show similar divergence from heading
with the Tydeman to starboard of the Quest so that video dependencies implied by an assumption of unimodal sea
and cine records could be made of the relative motions states. Selected pressure transducer data are shown in
at the Quest's bow. Figure 5, together with SHIPMO4 predictions of trends for

One of the most difficult on-site decisions during the immersions and pressures. (The theoretical pressure trend
tEWEX seakeeping trials was simply to determine, "in is, in fact, the square of the relative velocity, which is
what direction are head seas?" With multimodal sea proportional to pressure.) Trends for other pressure
states often being the norm, leftover swell frequently was transducers also diverged from unimodal expectations,
more prominent than the new wind sea; for consisten- although some pressure transducer data were corrupted
cy, wind direction and wind sea direction were used to by amplifier overloading. A repeat bow-flare slamming
select the first course to steer. On several occasions, this trial was carried out in higher sea states in March 1989
choice clearly proved to be wrong, as pitch angles and to seek further data for R,62.
deck wetness were more severe on the supposed beam The t r•wi•x sea states were so low that little useful
seas heading than the initial one in "head" seas. strain data were obtained, although that could also be
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F 2 Head 4.8 6.5 2.61 4,06 10,0r
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Many, if not most, snip seakeeping operability criteria
are based on motions, For example, let us suppose that
a particular shipboard operation must be curtailed ;Qhen ioperable headgs -

the roll angle exceeds 40 rtis. Roll motions are lightil 4 - Sea- tate
damped and thus are very sensitive to resonance. If a modr l
long-crested sea state is assumed, theory predicts that 4_

roll-curtailed operations may be restored through a stimll- 4

pie change of heading. Even with a more realistic sea- 4
state model using 90' cos- spreading, a heading change .
can often restore operability, albeit cer a smaller range 4 4

of headings. If our sea-state model is extended to a typi- 2
cal tis% t-x swell-corrupted directional spectrum, the 4

heading sensitivity of motion response may be signifi-
cantly modified. At times, operability may be curtailed 2
at nearly all headings after only a small further increase
in sea state. Figure 7 illustrates the effect of sea-state
modeling on a 5200-tonne frigate steaming at 20 kt in Beam Head Beam
sea state 7, with a 6-m significant wave height, and sub- Ship heading to primary sea (deg)
ject to a 4' rms roll angle limit on a shipboard operation.

An ad hoc group of five sea-state models was chosen Figure 7. Operability of a 5200-tonne frigate slb~ect to a 4
for this example: rms roll limitation on shipboard operations. See the text for the

1. A Bretschneider spectrum, with a 12.4-s modal dc,*nition of a sea-state model

period and no spreading.
2. Same as (1), but with a 90' cos- spreading

function. Table 3. Operability of a 5200-tonne frigate in 6-m seas
3. With (2) as the primary sea, and with (1) as the Inoperable heading Roll range

secondary, at 450 to the primary direction and with a range (l (deg)
primary-to-secondary energy ratio of 2:1, to represent S-a-state range (deg) (deg)
conditions during the nearby passage of a low%-pressure model 4* criterion 3' criterion lkest - %.orst
system.

4. Same as (3), but with the secondary sea 900 from 1 88 168 7.0
the primary direction and a primary-to-secondary ener- 2 164 258 3.1
gy ratio of 3:1, to represent the effects of a distant weath- 3 142 231 3.5
er system, 4 43 316 2.0

5. Same as (3), but with the secondary sea 1350 from 5 133 254 3.4
the primary direction and a primary-to-secondary ener-
gy ratio of 4:1, again to represent the effects of a dis-
tant weather system.

In reality, these models might be more representative What are the broader implications of i ;iý%ýi\ for na-
if the total energy in models (4) and (5) were increased \al architecture? For the most part, the3 are related to
over that of the 6-m sea state by the amount in the sec- operability. Naval vessels are now designed with seakeep-
ondary sea but the significant wave height were held con- ing in mind, and linear, tsvo-dimensional theory ship-
stant to reduce the number of variables. Table 3 sum- motion-prediction codes frequently arc used to rank or
marizes the results as a range of inoperable headings for evaluate the candidate design's lifetime or tile mission's
both 40 and 30 roll criteria and as range of rms roll an- operability in locations of interest. Routinely, unimo-
gle from best to worst heading. The 3' criterion was add- dal multidirectional seas are used, with 90' as the ac-
ed because operability limits are rarely "hard" in practice. cepted spreading angle. The example above, together
This is particularly relevant to model 4, where either a with the Qutil's own experience. suggests that applying
small increase in wave height or a small decrease in the spreading to unimodal spectra is not enough: the corn-
acceptability criterion would significantly reduce opera- mon occurrence of multimodal sea states must be recog-
bility. The range of roll angle between best and worst ni/ed. Ihis is a painful conclusion.
heading is so small for model 4 that degradation of oper- When Bales et al.' reported the result,, of hindlasting
ability will be very rapid with only a small sea-state in- for N t(O operational areas, they firmnly established the
crease, with little opportunity for compensatory heading use of short-crested sea states, in part. at least, because
change. This insensitivity of response to heading is remi- they reported results in a format convenient for existing
niscent of much of the Quest's ti•wvx experience. frequency-domain seakeeping codes. It muinltodal sca

Similar examples could be given for other criteria, us- states are important to naval architecture, then tihe hind-
ing the irwt-x experience. For example, pressure trans- casting results mntlst be used more dirctly. This is Con-
ducer immersion, could be correlated with relative siderably more onerou, than simnpl\ assuming a 90(
motion records to draw conclusions about bottom slam- spreading angle and using a joint probability table for
ming or deck wetness. sigrtificat,. %vaxe height and modal period.



Although feasible, simply simulating seakeening per- I he use of uniniodal short-crest(-1 spectra, although
formance and operability using an archived hindcast anl ads ance over unidirectional spectra, is insufficient to
spectral database cannot be considered practical. To en- predict ship operational eapabilits. 'The mlultinlodal nia-
courage the use of multimodal, multidirectional spectra, tulre of ia significant proportion ot open-ocean spectra
it would be better to employ a multiparameter spectrum, miust be recognized and modeled if operational stundies
together with associated probability distributions for are to be realistic. Hindcasts offer a %%a% to define inul-
spectral parameters, to generalize an operational area timodal seas, but the practical implementation ot the in-
hindcast for frequency-domain seakeeping calculations. formation depends onl the reformulation of hindcasts as
Hogben and Cobb' have reported a parametric direc- multiparamneter spectral models, %kith associated joint
tional wave spectral model that, in principle, satisfies probability tables, suitable for use in frequencN -domnain
these goals. Juszko Scientific Services, under contract seakeeping codes.
tO DREA, is developing this model further, to address bi- RLUERLUNCS
modal spectral modeling in Canadian operational areas. Mil.LR.OWH11, nd1;0 il:11,a s

CONCLUSION "( Marine adiainliagcs ;or 'tfw 13,wrnaiin ii Im ik ai 55a l -

alidSivav uirm,."J. efp i,.Re, 90. I(W9- Iii>) (19Sii

The good weather conditions that predominated dur- -1ie~n,ýi andi ( lark.. ( A_ Seaurten (A van It t Siv 5srra ~if~ kla
rit aa w haer. Nordwi f in tvd. IDiaicm kewj±ri .',iathn-i

ing LESSEX prevented the achievement of goals depen- laii (ota:o Rewr CR SS421 (19NS
dent on high sea states; however, the i-EWE\Fx pressure ( iarkc. C. A., and \\ ~~ii, 55 tw~urtik can Itw haic Spet tra Iroil VU
transducer and strain data were valuable for at least two 'Inriiiki Rdr'ia ( hiner-So'iiwre C vc V San uai, Nordo I minld. Ikirms~ We

wit~h Fb-aibfi~hiiint AtlIanisii Conrulrcii Rc.~rtyri ( k S 424 iiKS
reasons. First, when compared with relative motion 4( q haiR.. wi Frride'u, C -. 5111PWt4: An ( jklaiid t w, ,lilawaai fo, the

predictions, pressure transducer data gave further evi- 5lIIf'5I1) Computer rraitram lircwaiepiiraro an7 LAWr1nded Iltro1111,I ( rni J

dence of the inability of a uniniodal sea-state model to tanhnn Mann, I Improie, allan ornirnj !aoipm 8-,d/ t) (In 9S-) t~

describe the sensitivity of ship response to heading. Sec- 'Pgg \o.(., %eri.n I A .5 kegrrc. I .. and Neiheri,'ir. \%. ( I trt

ond, the bow-flare pressure and strain data provided a I lowi I SteitnofMaslirtd M)" I larc Plal5te Sl:s,, Linde- D~irarms. 55 aic

rare opportunity to validate the ability of a finite-element 6\Iateti: I tinited, tDeirii,x Research 1tlahhshnrlivi Alafimrc I uibrariun anid

code to model stresses in a complex, three-dimensional SirrnvitInhi s,;ah%~ Pritiran I A S T). t r'uoi (W.. ( oniratar Repirl S'6 4329

structure under dynamic loading. )I9X16) iie n kaielhri-..t'eirn'i n!I!

The LESSEN experience confirms that multimodal spec- riaiihin (ý'uI all Cilaii(tae Dato aw 6,i lre the ta ( wv I if C ariada C. rili a,"

tra must be regarded as a common occurrence at sea. As Repan for Diparinieiii ot YI heries and Oceans. Otia%%ia il9trhi
ta S. I ., Lee \V rV. and Voelker. I \ St 'andardize'd It e atv;,!1 I ntl

a result, the relatively recent acceptance of multidirectional Eloarrrmenis-for %A7 li)Opraumrioi Are~, a'.laid I.'r Naiaj Ship R&Dt
unimodal spectra for routine seakeeping ev'aluation in the (ente SPt))ff919tl )l9id

design process offers insufficient improvement over the 'I oebein, .and Cobb. I . ( ie-iitirjntrýMidc tdhins oi Dlrrat lnal %%a Ci Nrx.>

unrealistic unidirectional, umimoda] sea-state model. t-. nPo.1,ý,lehAlut015w,7~huv

Results of two Quest seakeeping trials, one in light-to- A(IsVNOWLLXANIENIS: t),i,, %5 (rlih~an rrl...ded ilic'i u~icn

modeate eas iE~-F~) an an arlir oe inheaver sas, t-io mid aner I I 5 IAN aid most receiii, 1hog 1i11,iiati i'nalt'''hip, Ill OIL ( nari
modeate eas(LESEN)and n erlie on in eaver sas, diai Lat ,ui(n Soaui % 'riieciPoj iroup 1, Salilc H-li% analwed tie Qua'ir I I k F \

demonstrate that unimodal sea-state models, even with triahs re~uhi% Biri Ha~rdingli of ihe Bediitd Insiitiuite of 0Xeanograipi'ý !ea n

spreading, fail to model properly the relationship of ship 'ible ato It designi and arianataliirC oI the deep-"aniet aiehw\'iii owip.~t~ (it
motios an headng. simpe oprabilty eamplefor 'rvcial aitiniiaii ma- i't bei ia en 1tir [i'pcaular and AlprT1a- Of ( at-

motions ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~i an edn.Asml prblt xml o anHl hi.teofe- n r, IteQccc'i. a, ell a, t he l~enlt S. la!i!

a destroyer gives similar results. ,ii tvcard du'ang I I-WVEI-.
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JOHAN H. DE JONG and PIETER VERMEIJ

HNLMS TYDEMAN'S LEWEX EXPERIENCE AND
MOTION SIMULATION IN MULTIMODAL SEAS

Measurements of motions of HNLMS Tydeman were made in a variety of niultidirectional sea states
during the Labrador Sea Extreme Waves Experiment. Although no extreme seas occurred, the moderate
multimodal sea states illustrated that multimodality is important for time-domain predictions of ship
motions and is especially useful during the design stage for assessing ultimate stability, that is, safety
against capsizing.

INTRODUCTION
The Dutch vessel, Her Netherlands Majesty's Ship

(HNLMS) Tydeman (Fig. 1), was one of two vessels par-
ticipating in the Labrador Sea Extreme Waves Experi-
ment (t!EWEX). The Tydeman carried scientists and .
equipment from nine agencies within The Netherlands, -

United States, Federal Republic of Germany, France,
United Kingdom, Norway, and Spain. The experiment
was intended to support the goals of the North Atlantic
Treaty Organization (NATO) Research Study Groups
RSG-t and RSG-2 of the NATO Defence Research Group,
containing the Special Group of Experts on Naval
Hydrodynamics and Related Problems.

HNLMS TYDEMAN

The Tydeman was the first ship in the Royal Nether- Figure 1. The HNILMS Tydeman.
lands Navy to be designed and equipped specifically for
oceanographic research. The research can be for mili-
tary as well as for pure scientific purposes. Civilian scien- Table 1. The main characteristics of the Tydeman.

tists may be assured of at least 30% of the seagoing time Displacement 2200 tonnes
each year. Length 90.19 m

The Tydeman is well equipped for oceanographic re- M0olded breath 14.43 m
search. Special attention was given to providing good Draft (excluding sonar dome) 4.75 m
seakeeping and maneuverability qualities, and the abili- Draft (including sonar dome) 7.50 m
ty to make short, siktt runs. The Tydeman can accom- Installed power 210W kWW
modate fifteen passengers and has ample space for Maximum speed 15 ki
laboratories, meeting areas, and various oceanographic
instrumentation, including a working deck area and as-
sociated deck gear. Oceanographic and hydrographic
data such as time, position, depth, temperature. salini- To be easily maneuverable, the TIvdeman is equipped
ty, wind, and pressure are all routinely and automati- with a boN thruster and a rudder with its own propel-
cally collected. A summary of the Tydeman's charac- ler, allowing rudder angles of up to 90>
teristics is given in Table I.

Oceanographic research often requires overside han- RSG-I OBJECTIVES
dling of various equipment, either free-floating, towed, The primary objectives of R,•, i during t 'i \ 'Aere
or anchored. The aft working deck is used mainly when to establish reliable methods to measure the directional
traveling at normal speeds; the working deck at three- properties of waves, and especially to inprox c met hod"
fourths of the ship's length forward is used mainly when for providing both measured and predicted xsave con-
drifting or traveling slowly. The Tydenman has good ditions for full-scale sea trials and ship operations. Meet-
seakeeping properties and a passive, free surface tank ing these objectives is fundamental to -alidating shp-
to reduce roll motions to keep the working decks dry response predictions, ocean wave model and climatol-
and in good operating condition up to about sea state 7. ogies, and seakeeping surveys.
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The RScii- plans for the Tydetnan and the Quest (see hand, howeser, because of its robustness and light
the articles by Kjeldsen and by Nethercote in this vol- weight. T'he buoys sometimes drifted several miles or
ume) were as follows: more between daily recoseries.

1. To make simultaneous wave measurements with Infrared twi and sonic sensors, along with nax igation
various in situ and remote instruments, some of which radar techniques (see the article by Ziemer in this vol-
are still experimental. utie), are being developed to attempt to reduce the need

2. To compare data from instruments and wave for wave buoys during sea trials. The IR sensor was
models for both validation and evaluation, mounted on a frame (or "giraffe") far forward on deck

3. To conduct model tests with the Quest (and possi- and hung over the bow to obtain a clear vertical vie'A
bly the Tydeman) in scaled LEtVEx directional seas in the of the sea surface, but it was limited by spray and large
Marintek facility in Trondheim. pitch and roll motions during heavy weather. The iR

4. To use sea trials and model simulations to evalu- sensor measured only wave elevation and thus could pro-
ate the applicability and usefulness of directional wave duce only nondirectional spectra. It did have one ad-
data in ship design and operations planning. vantage over the navigation radar, howaever, since its data

could be processed on board. Unfortunately, structural
INSTRUMENTATION limitations prevented the sonic sensor from being placed

The instrumentation carried and deployed by the far enough forward on the giraffe to stay clear of the
Tvdeman during LEWEX is summarized in Table 2. For bow. The navigation radar technique required special
the first phase, the Wavescan buoy was moored in about provisions to trigger a photographic camera that record-
4000 m of water during the night of 13 March 1987, to ed the plan position indicator display.
be ready for the aircraft overflights on the following day. Ship motions were measured in three ways. First, the
The mooring was performed from the aft working deck Delft hydromechanics laboratory' employed a platfonn,
in 40-kt winds and 5-m seas by using an "anchor last" stabilized by a pitch, roll, and yaw gyroscope (to mea-
procedure. The deep-water mooring consisted of sever- sure both amplitude and rate), on which three accelfrom-
al separate sections, each wound on separate winches, eters were placed. Second, an IR sensor, stabilized by a
so both the mooring and the recovery had to be per- gyroscope, measured the vertical accelerations to corn-
formed in steps. In the first location (50'N, 45°W), the pute the sea state; ship motions were therefore part of
anchor and 300 m of line had to be abandoned. its measured data. Third, a French measurement system

Most of the drifting wave buoys were deployed from contained three accelerometers at one location, and a
the forward working deck by using an A-frame or an transducer case contained a gyroscope, three gyrometers,
L-frame. The Delft buoy could easily be dropped by and three accelerometers at a second location. In addi-

tion to these three objective measures of ship motion,
a small device called a "comfort meter" was also tested.

Table 2. Instrumentation carried and deployed by the The "noncomfort index" was defined as the rate at
Tydeman during LEWEX. which vertical acclerations exceeded a threshold value.

Parameter System Location Country Such a device could be quite useful in motion sickness

research.

Sea state Wavec buoy Drifting The Netherlands SHIP PERFORMANCE
Sea state Delft buoy Drifting The Netherlands

(unidirectional) Heavy seas and ice during North Atlantic transit

Sea state Endet , buoy Drifting United States caused a delayed arrival of the Tvdeman in St. John's.

Sea state Wavescan buoy Anchored Norway Newfoundland, preventing a pre-tlxN-t x rendezvous w•ith

Sea state Infrared sensor Mounted Federal Republic the Quest. To recover some of the lost time, the Tvde-
(unidirectional) of Germany tman moored its Wavescan buoy immediately upon ar-

Sea state Navigation radar On board Federal Republic riving at the first --\kt x site (50'N, 45'\V). Mooringn o fd German was accomplished in the middle of the night and, ironi-Sea state Wadirex buoy Drifting France cally, in the highest seas of the experiment. During the
Sea state Datawell wave- Drifting France follow.ng two days, the significant wave heights were

rider buoy only 3.5 to 4.5 m; the remainder of i!\\|-, experienced

Ship motions Stabilized On board The Netherlands even lower seas. These seas, lower than hoped for, were

platform insufficient to investigate the nonlinear behavior of wave
Ship motions Infrared sensor Mounted Federal Republic buoys and ship motions. On the other hand, the seaSi Gerstates were more often multimodal than not, and thus

of Gemany served the RSJ,-I goals well.
Ship motions Transducer case On board France

Ship motions Comfort meter On board The Netherlands The muhimodal seas (composed of both and
wind seas) made it difficult to select a principal wvaveSea loads Strain gauge On board Uniied Kingdom drcino hc obs h ekeigeprmns

Oceanographic Oceanlog system Tydeman The Netherlands direction on which plane t ile eakeeping experiments,.

data Fhe ship runs were planned to occur in 30' Increment,
Buoy location Radio direction On board The Netherlands proceeding systematically from head seas to following

finder seas. In preparation, the anti-roll tank w-as emptied toassure straightfoifard ship-motion predictions. (orn-
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puter simulations were performed for several multimo- Table 3. Summary of wave specifications at mie Tydem•n
dal sea conditions experienced during t i-\\ t.\, two of for two separate runs
which will be summarized here.

As stated earlier, a three-dimensional description of 14 March 23 March
the wave field is required for operational applications Run No. 8 Run No. 102

such as ship routing and task optimization, The Royal Unimodal Bimodal Unimodal Bimodal
Netherlands Navy considers such a description useful, Parameter model model model model
even during the vessel design stage. Predicted ship mo-
tions in multimodal seas can strongly influence the choice Significant wave 3.70 2.47 3.33 2.25
of ship design criteria. Extreme roll motion, including height (in) 1.28 1.10
capsizing, is an important operational consideration. Average 9.2 9.4 7.6 8.1

Our plans for the future therefore include the follow- period (s) 8.9 &6

ing: (1) establishing a standard procedure to treat ship Peak 11.4 11.6 9.4 10.0
motions, including the nonlinear effects induced by mul- period (s) 11.0 8.2
timodal high seas; (2) checking the reliability of the com- Relative wave 0 30 0 34
puted motions by comparing simulated motions with direction (deg) -80 -41
full-scale motions in multimodal high seas; (3) compar-
ing full-scale results for unimodal and multimodal spec-
tral representations, both having identical total energy;
and (4) comparing calculated motion results for various modes.' Figure 2 compares both the unimodal and bi-
ship designs and ship operations over a variety of sea modal predictions for the same days with actual roll,
states. These efforts will result in better ship design criter- pitch, and heave measurements at various ship headings.
ia to improve safety in high seas, and the design criteria On 14 March (solid curves in Fig. 2), measured roll
will be extended to a set of operational rules for ships amplitudes, most important when considering capsizing,
operating in extreme sea states. show good agreement with the bimodal simulation, al-

Some results of a time-domain calculation are present- though simulated roll motions for the mean (unimodal)
ed in the next section and are compared with the full- wave approximation are too low in head seas and too
scale data measured during LEWEX. Ship motions, cal- high in beam seas. Simulated pitch motions are, for some
culated with and without accounting for multimodali- unknown reason, substantially underestimated. The sim-
ty, are also presented. ulated roll motions using a bimodal sea are more realistic

than those using a unimodal, long-crested, irregular sea.
MOTION SIMULATION The unimodal wave results are reasonably good, ho's-

Motions of the Tydeman have been simulated by us- ever, and for some types of motion are even better than

ing computer programs developed for the Royal Nether- the bimodal results, because those types of motion are

lands Navy by the Marine Research Institute of The less sensitive to changes of heading and modal charac-

Netherlands.` The time-domain simulation sums all the teristics.
relevant forces at each time step to solve the six equa- The results of 23 March (dashed curves in Fig. 2) were

tions of motion. The relevant forces include inertial ef- collected during higher-speed runs between 11.3 and 12.6

fects, hull damping forces, weight and buoyancy forces, kt in seas having a 3.3-m significant wave height. Con-

propeller and rudder forces, and wind and wave forces. trary to the bimodal roll-motion simulations of 14

in the LEWEX runs, however, only the roll, pitch, and March, which compare rather well with the measured
heave motions were calculated; the wind forces were results, the roll comparisons of 23 March are not as fa-

neglected, and the rudder was fixed in the zero-angle po- vorable in either absolute values or trends. Pitch simu-

sition. Pierson-Moskowitz3 spectral forms were used to lations again compare poorly with measurements, but

model both unimodal and bimodal representations of bimodal heave simulations compare well at all headings.

the LEWEX wave conditions. Multimodal seas were mod- This apparent lack of success in the model simulations

eled by a unimodal representation by integrating the has several possible explanations:
spectral density over all wave directions and fitting the 1. Oversimplified multidirectional modeling: Roll is

data to a Pierson-Moskowitz spectrum. A bimodal wave particlularly sensitive to the frequency of encounter of

spectrum was modeled by identifying the two principal the forcing sea state, and apparently minor changes in
wave directions and by assuming that the sum of the a simplified spectral model may have a significant ef-

energy from each system was equal to the total measured fect on roll predictions. Figure 2 shows that spectral %ar-

energy. The same assumption was also made for the iations at nominally the same significant %kave height may

energy moment, that is, the product of energy and wave lead to order-of-magnitude changes in roll, whereas
direction. heave changes by 400'0 at most.

2. Irregularity of the seaway: Directional spectra give
RESULTS substantial information about a ,eaway. Nevertheless,

Table 3 shows principal wave characteristics for both although the spectra may be identical, the actual 30-min
14 March and 23 March; calculated bimodal values are wave train expericnzed by a ship is not the same as that
given for significant wave height, average period, and used in the motion simulation. Several simulations are
peak period, with relative wave directions of each of the required to reach a statistically significant result. Table
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10 -- 3 Table 4. Variability in modeled snip motions resulting from
five 30-min simulation runs.

8. 5Run number]esue 1 2 3 4 5
"Wave height (m)

SMaximum -2.94 3,05 3.00 3.20 3,18
-~ Heave (im)

0 Maximum - 2.58 - 2.45 -- 2.49 -*-2.57 - 2.63

S4 OH 0.76 0.76 0.75 0.75 0.76
Roll (deg)

Maximum 12.7 13.3 13.0 12.4 13.3
2 oR 3.89 3.84 3.92 3.94 3.89

Pitch (deg)
Maximum - 3.81 3.47 3.79 -4.02 - 3,93
a/ 1.24 1.23 1.24 1.24 1.25

0 Note: The ship speed was 2 km, and the heading was 30" off the "head

seas" for the LEWEX wave system of 14 March, Run No. 8. as de-
fined in Table 3. All runs are for a significant wave height of 3.7
m; a is the standard deviation in heave, roll, or pitch.

significant roll from two separate mt,.urcment systems
Z sometimes disagreed by nearly a factor of 2.'

4. Ship loading and control: Ship load conditiio., as
well as its control, could have varied during the trial,
although neither was found to influence the results when
load condition and autopilot settings were varied dur-
ing the simulations.

ULTIMATE STABILITY0
2_ The extreme roll behavior of a ship in complex seas

is of great interest to both ship designers and operators.
Methods now used to evaluate a ship's margin of safety
against capsizing are based mainly on experience and do

- - - not give much physical insight into the relation between• - ultimate stability and ship design or operational perfor-
mance. The time-domain simulation program, using
multimodal sea states, revealed several concerns that in-

0 45 90 volve ultimate ship stability. The differences between the
Head Beam bidirectional and the unidirectional simulations are too

great to be neglected. Knowledge of the multimodal be-

Figure 2. Comparisons of measured (black curves) and simu- havior of the sea is necessary to evaluate accurately the
lated significant ship motions. The red curves are the bimodal ultimate stability of a ship.
simulations, and the blue curves are the unimodal simulations. Additionally, to account for wave groups, freak waves,
The solid curves are for 14 March, significant wave height =
3.7 m, and the dashed curves are for 23 March, significant wave and similar inhomogeneous wave phenomena, the ship-
height = 3.3 m. motion simulation can and should deal with the real

three-dimensional sea surface description, not simply the
spectrum. The actual time history of the waves should

4 shows the variation obtained from a sequence of five be used as an input for motion-simulation programs and
30-min simulations, each driven with an identical spec- for defining the relevant parameters in ship design and
trum. The results indicate the ranges of ship-motion un- operation.
certainty expected for a single simulation run. In a multimodal sea, a straightforward simulation

3. Accuracy of full-scale measurements: The results shows that a safe ship heading to prevent capsizing is
of the full-scale observations are determined by the ac- not easy to find. Given the existence of' extreme waves
curacy of the measuring devices and the errors in the and the presence of multimodal seas, more detailed
analytical techniques. Comparisons of simultaneous knowledge is required as to where and when these waves
measurements made with different sensors illustrate the and seas occur so that they can be avoided. Multimodal
problem. For example, simultaneous measurements of spectra can then be used as an indication of ship safetx.
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CONCLUSION

The t -F\ýx seakeeping trials with the Tydeman indi- RH:LRLN(;tS
cate that a unimodal model of the seaway is inadequate 10o-n.. I ., *c ,nd Niup ','' ah",lr' ,,ari /ti I
for ship design and evaluation, \whereas a multimodal ,,;z 1t, li/A.\, I)c i r i-|,i" , ldJ' ' -p•r~.•<tlNO *61 (q T
description is both feasible and necessary. For ultimate , J"tptcr •,icuI'ti In, the tch,? \I :akw< ,r--

stabilitv assessment, it may even be necessary to specify twi, ], hn,,/ 23, 119 1S- %pi 1 9 ,6ý
'I'm ccn %\ I. t, cd it/kc~ ,i I .- A V o o : ! owave-elevation time series. I 111k .Dodo . .d %% -' B on,'Ct' [ .n Ow -.iitld.r I i ,w" '0

With better sea-state models, numerical ship-motion K3.1 '1tt1dkil." J. (toph, Re', h9, t "li ý 1 964I

programs offer the promise of realistic ship-performance 'Ho,,l. I_ ( c,,,;,clrc ..,t,, and , , , .i S, "/t ac X, " ,,,.,ý td h th e I % d t em a n .R ,.T ,o rt N o . 4 9 6 '4 2 - I-R D o rd ..:r cd b , h e ROic .k o , A h
predictions, but the predictions will need to be validat- hiII %I,, N, 198 r9)
ed in higher sea states than those obtained in I F\\ FX. '5oubchci S., Woven, de A'hstre eftn 'cr I uic \V, 2•01. Pcvc, \, 4.
The simulation code used herein requires further dekel- . 111|1 \ I)jep c'dc'Iat b,'uc Ii .11IRi \. Rcptera Nd a P-t I. f

opment to reconcile pitch-preJiction anomalies.
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RELIABILITY AND RESOLUTION OF DIRECTIONAL
WAVE SPECTRA FROM HEAVE, PITCH, AND ROLL
DATA BUOYS

Heave, pitch, and roll buoys have become common and reliable instruments for long-term unattended
acquisition of directional ocean wave data. Directional wave spectra obtained from such buoys show
high consistency, both among themselves and also compared with fixed-platform instrumentation. Some
fundamental limitations of the spectral estimates obtained from these buoys are reviewed, emphasizing
their resolution and sampling variability.

DATA ANALYSIS TECHNIQUES

The ocean surface is considered to be a homogeneous by transft-r functions of buoy response, phase shifts in
and stationary stochastic field, with a spectrum that is anti-aliasing filters, or imperfections in the integration
a function of frequency, w, and vector wave number, of the accelerometer signal. Some very useful checks on
k.' We may analyze buoy data without further assump- the phases of the cross spectra may be applied. For any
tion about the waves,2 but we generally assume that the stationary and homogeneous surface, the cross spectrum
field also obeys the so-called linear wave theory, wherein between the heave and the slope in, for example, the x
a dispersion relation connects wc and k.' This assumption direction at the same location will be purely imaginary
implies that the spectrum may be written in terms of wo (In), and the cross spectrum between two orthogonal
and the direction 0 of k, or S(to) D(0, to). Here, S is the slopes will be real (Re). Any systematic deviations in
frequency spectrum and D is the directional distribution, the final spectra suggest transfer function errors. A relat-
often expanded in a Fourier series ed test is to compare the estimated root-mean-square

wave number with the wave number obtained from the
D(0, I) = - 1 + 2 [a, (cc)cos(n6) wave dispersion relation. This test is more questionable,

27 I n=1 since currents and deviations from linear wave theory
also affect the estimated wave number.2-

+ b()sin(n0) (1) The frequency spectrum, the wave number, and the
first two pairs of Fourier coefficients for the directional

where a, and b, are the corresponding Fourier coeffi- distribution may now be estimated from the cross spec-
cients. tra. When a linear wave theory with no given dispersion

In principle, the buoy should record the surface heave relation is assumed, the cross-spectral matrix between the
and the two slopes at a fixed horizontal location, In prac- heave and two orthogonal slopes at a certain frequency
tice, however, the buoy will make excursions from that will be
position because of the orbital-wave-induced velocity at
the surface. This condition could significantly affect the"- I - ika, - ikbl 1
results, but on the average the first-order effects of the , = S ika k2 ( + a )/2 k-b, /2 .
horizontal motion vanish. (Numerous studies have been ikb, k-b,-/2 k2 (l -- a,)12
devoted to the estimation of directional spectra from
buoy data; the references given here are far from ex- (2)
haustive.) (Here, k Ik1, and the dependence of wc is suppressed.)

Common practice is to record a I- to 2-Hz time se- The discrete Fourier transforms of the heave and the
ries comprising 1000 to 4000 data points.- Such time slope time series will asymptotically be complex, multi-
series are long compared with the characteristic correla- variate Gaussian variables with a covariance matrix given
tion time of the record, and the series are "well record- by Equation 2. By forming the joint probability density
ed," that is, the subsequent spectral analysis is simple, for the Fourier coefficients and solving the correspond-
and no major problems exist with respect to aliasing or ing maximum likelihood (,it) estimation problem for the
spectral leakage. parameters in Equation 2, we see that the solution agrees

Estimating the cross spectra of the time series is the with the expressions stated by Long:'
first step in most analytical methods. After forming the
cross spectra, corrections for various filters that affect S S
the records must be carried out. Errors may be caused k [(S,, + S,. )/S]
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a, = Im (St,)!(kS) This estimate, called the maximum entropy st,- esti-
b, = Im (Sh,)/(kS) mate, is similar to the expression for the spectrum of
a2 = (SX, - S,•,)/(k2S) a complex, autoregressive, stochastic process and follows
b, = 2Re (S,-,)/(k 2S) , (3) by maximizing an entropy integral while keeping the giv-

en Fourier coefficients fixed. (In contrast, the Longuet-
where Sh, denotes the cross spectrum between elevation Higgins expression for D using convergence factors'
and slope in the x direction, and so on. When a disper- corresponds to a Blackman-Tukey spectral estimate.)
sion relation is used in Equation 2, the ML estimation The %iL distribution represents the "most probable" dis-
problem does not have such a simple solution. tribution consistent with the given Fourier coefficients

The Fourier coefficients in Equation 3 are always when no further information is available.' Whcl the
meaningful, since there exist positive distributions D hay- first pairs of Fourier coefficients of some positive func-
ing exactly those Fourier coefficients. This observation tion are given, the next pair must be chosen from a cer-
follows from the ML property and may also be proved tain disk in the complex plane to conform with the
directly. requirement of positivity. The Nte distribution corre-

The ML estimates are relatively insensitive to errors in sponds to choosing the center of this disk. This choice
the buoy transfer functions as long as those functions also maximizes the diameter of the next disk in the se-
are the same for both the roll and the pitch motion. Ex- quence and thus poses the minimal constraints on the
cept for mooring effects, this will typically be true for continuation of the process.'
circular buoys. The ME estimate does not consider any a priori infor-

For engineering applications, the most useful direc- mation about the shape of the distribution. In fact, the
tional parameters are the mean direction 01 and the estimate is the function closest to the uniform directional
directional spread a,, which are defined from the first distribution that is consistent with the data in terms of
pair of Fourier coefficients:3 a certain entropy metric. Wave directions are sometimes

limited to certain directional sectors, however. Long and
01 (w) = arc tan 2[b, (w), a, (w)] , Hasselmann" present a variational technique wherein

such constraints may be considered.
a, (cw) = 1211 - r, (w)]1 ; r, 2(w) a, 2(w,) + b, 2(w) . When applied to certain unimodal distributions like the

cos2' distribution or the boxcar distribution, the sit es-
(4) timate will show two peaks, a result that is not necessari-

ly a weakness of the estimate. If it is known that the
Kuik et al., have proposed additional parameters distribution has a certain form, then additional informa-
reflecting the skewness and kurtosis of the directional tion is available, and the estimate is no longer optimal.
distribution, but their interpretation for general distri- A method that was first derived for general arrays of
butions is difficult. wave recorders is the maximum likelihood method of

The construction of a full directional distribution from Capon."'9 The method is based on a maximum likeli-
only four Fourier coefficients represents an inverse prob- hood estimate for the amplitude of a plane wave record-
lem. Using just the truncated Fourier series leads to non- ed in a background of noise. This technique has also been
positive distributions, which may be avoided by intro- applied to heave, pitch, and roll data and generally
ducing convergence factors at the expense of direction- produces more smeared directional estimates than the M\E
al smearing.-5 Fitting certain model distributions, for ex- estimate. Contrary to the ME estimate, the Capon maxi-
ample, D(O) = N(v)cos 2'/2), where N(s) is a mum likelihood estimate is not consistent with the Fou-
normalization factor, has also been popular. Goodness- rier coefficients. An iterative version of Capon's method
of-fit tests based on the remaining Fourier coefficients improves the estimate,"' but the iteration does not con-
are discussed in Ref. 3. verge to the NtME estimate.

A simple construction of a directional distribution, in An .M1E estimate based on a different definition of en-
agreement with all four Fourier coefficients, is given in tropy is discussed by Konube and Hashimoto. ' Mars-
Lygre and Krogstad:6  den and Juszko' discuss the use of an eigenvector

D) Iexpansion technique, and Hashimoto et al. " have in-
D(O) = (I - ? - ec•) troduced a Bayesian technique into the analysis of the

i- e ~ 2e data. A detailed intercomparison among these recent es-
S1- e - e timation techniques does not appear to have been car-

( C1 ccl)/(l 1C 12) nried out.

02 - c'1 RESOLUTION AND RELIABILITY
Since a buoy provides only four Fourier coefficients,

c = a, + ib, one could ask how closely these coefficients define the
directional distribution. The mean direction and the

('= a, + ib_ , (5) directional spread are, of course, defined in terms of the
first pair of Fourier coefficients. Construction of posi-

where denotes the complex conjugate. tiVe functions conforming to a given set of Fourier
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coefficients is a bit tricky. By using the extension proce- is that narrow, well-defined peaks lead to narro\% con-
dure briefly mentioned in the discussion of the mtv esti- fidence intervals.
mate, however, examples of functions with the same firs, Examples of sitt distributions computed from simulated
four Fourier coefficients can be generated, as shown in cross spectra with 50 and 200 txa are shown in Figure 3.
Figure 1. The MtE extension computed from Equation 5 The input is the Sit: distribution from Figure 1. A sim-
is represented by the blue curves. From the graphs, one pie expression exists for the variability of DO(, 4) that de-
can see that considerable variability is still possible. Some pends linearly on the cross-spectral matrix, that is, DO, w)
of the distributions look doubtful, however, at least for = -&)" ,)(w) -y(), where -1 is independent of 4). Here,
the open ocean. Var[D(O, w)] = 2[ED(O, w)-2/v, where v is the ix)t in the

Resolution is usually defined in terms of the ability estimate of 4, H is the Hermitian transpose, and E is
to resolve narrow double peaks in the distribution. The the expectation operator. The \it-- estimate is not of this
MIE estimate will, in the absence of sampling variabili- form, and simple expressions for the sampling variabili-
ty, resolve two delta-function spikes, regardless of their ty seem hard to obtain. ' The sampling variability for
separation, unless the peaks have finite width. The mE the witE estimate of a uniform distribution is 3 times the
estimate defined from Equation 5, however, will only value for the linear estimate; numerical tests with gener-
be able to reproduce two peaks at the same frequency, al distributions typically show a variability of 3 to 10 times

Nevertheless, comparisons of buoy spectral estimates that value.
with those of spatial arrays show that the buoy or For comparisons with remote sensors, the directional
equivalent instrumentation can extract most of the rele- spectra obtained from the buoys must be converted to
vant directional information. 4

The sampling variability inherent in all spectral esti-
mates is another source of uncertainty. Since the record-
ed time series are long, the asymptotic relations for the 40
sampling variability of the cross spectra are reasonably
valid. The basic sampling variability theory for the most
common directional parameters derived from heave,
pitch, and roll data has been derived by Long. 3  a 30

The sampling variability for 01 and u, for a cos2 ' dis- DOF =30

tributio. is shown in Figure 2. The variability is propor-
tional to the square root of the inverse number of degrees 0
of freedom (DOF) in the cross-spectral estimates. No sin- 20o

gle number quantifies how accurately the buoy can de-
termine, for example, the mean direction. A simple rule

10

2.0 , ...

1.5 - 7 [ , --- --

"• 1.0- -_ •, OF =30

0 1.5 5

0.5
41~ -'

0 90 180 270 3600 90 180 270 360 0 10 20 30 40 50 60 70

Direction (deg) Directional spread, a1 (deg)

Figure I. Examples of directional distributions having the Figure 2. Sampling variability for the mean direction (t•),(top)
sane first four Fourier coefficients (black~ curves). The blue curve and directional spread (f;

1
) (bottomi for a cos2 s distribution as

is the maximum entropy distribution based on the same Fouri- a function of the directional spread. parameferized in terms of
er coefficients. the degrees of freedom (DOF) in thle spectral estimates.
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0.2 Figure 4. Four illustrations (bottom) of the sampling variabili-
ty in estimates of th, wave number spectrum using a "true"
input wave number spectrum (top) from LEWEX. The random
simulations were obtained from cross spectra of about 60
degrees of freedom. Energy density contours are proportional

0 90 180 270 360 to M4 , and circles correspond to 400, 200, and 100 m.
Direction (deg)

Figure 3. Maximum entropy distributions computed from
simulated cross spectra with 50 (top) and 200 (bottom) degrees
of freedom. The input directional distribution in Figure 3 is the
maximum entropy distribution (blue curve) in Figure 1. EX spectrum is assumed to be the "true" spectrum. The

four simulated spectra in Figure 4 represent possible esti-
mates using data from a heave, pitch, and roll buoy. The
data were processed with about 60 Dot in the cross spec-

wave number spectra. Within linear wave theory, the tra. A simpler, more well-defined sea state would have
transformation is shown much less variability (cf. Fig. 2).

, )w( COMPARISONS FROM THE WAVE
'I'(k, 0) = Sw(k)I DO, c(k)!--- . (6) DIRECTION CALIBRATION PROJECT

For simplicity, the analytical dispersion relation is used The objective of the Wave Direction Calibration OWAD-
in Equation 6, although the estimated wave number IC) Project was to evaluate operational, commercially
would probably be more consistent. Experience shows, available, directional systems of wave measurement un-
however, that the linear theory is good for the most ener- der severe open ocean wave conditions."• The field ex-
getic parts of the spectrum. periment took place over a four-month period during the

Both S and D suffer from a correlated sampling vari- winter of 1985-86 near the Edda platform on the Eko-
ability. Therefore, usable analytical expressions for the fisk field in the central North Sea. The instrumentation
sampling variability of the resulting wave number spec- on the platform included eight rapid-response vector cur-
tra are difficult to find. Figure 4 shows examples of simu- rent meters, together with pressure transducers mounted
lated wave number spectra, illustrating the typical sam- on a specially built tower attached to the northwest cor-
pling variability for a fairly complex sea state from t.EW- ner of the platform. A pentagon array (diameter, 7 m)
EX (Labrador Sea Extreme Waves Experiment). The L.Ew- of infrared laser altimeters recorded the surface height to
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the side of the instrument tower. Seven directional buoys on the graphs are crude, 90qo probability intervals. The
were moored within 1 km of the platform. mean direction shows an average offset of about 6

All systems in the experiment were compared with a degrees, which later was attributed to a faulty compass
common reference data set compiled from the fixed-plat- setting. The slight directionally dependent deviations
form instrumentation. Low-frequency reference direction- were actually caused by interference from the instrument
al spectra were obtained from current meter/pressure-cell tower and represent a deficiency of the reference data
triplets; the laser pentagon was used for high frequen- set rather than of' the buoy.
cies. The reference data set comprised 920 records sam- All instruments measuring from the surface, includ-
pled every three hours (hourly during storms). ing the laser array, showed generally higher directional

A series of intercomparisons between the reference spread than the current meter/pressure-cell triplets, per-
data set and the heave, pitch, and roll data from the Nor- haps because of imperfect transfer functions for the
wegian Wavescan buoy is shown in Figure 5. The sig- buoys. The buoys showed comparable results to the la-
nificant wave height and the peak spectral period were ser array for directional spread. In general, the devia-
obtained from the frequency spectrum; the mean direc- tions between most systems in rADIC were found to be
tion and the directional spread were obtained from the minor. (Refer to Ref. 16 for a more extensive discus-
first pair of Fourier coefficients. The broken lines shown sion of N',ADIC.)
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Figure 5. Intercomparison between the Wavescan heave/pitch/roll data buoy and the WADic reference data set. A. Significant
wave height. B. Mean zero crossing period. C. Mean direction at the spectral peak- D. Directional spread at the spectral peak.
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ysis. The full directional spectrunm with arbitrarily high 11 0 (11-111 lidl 10 ',rd 1/11 TCITT>C Li.Ia ' TT
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DIRECTIONAL SPECTRA FROM THE NIGORLI.

DATAWELL WAVEC 3U'OY D)URING LEWEXA

A\ Iatasscll \ Sc iciiiibtilo\ \ssI mjs Ow~i i~a ( I \\ C !1.:Ii '

treitic \\a~,A~s1~c lt~I51\I ii1 o2'\wci~" i 99%\ ~
of \saer. HIC bti'i \.A oni. ot eci ftittctocan.:. u io s
ptI-op~crttc'N 0 tlt: Urilacx tssClicid. I11C Saltidlitts I VI X~ A un s W~i t' V
an~d cstitn1atcd h\ tlIsiiltel f\ilnt Owi kI 0p\ Iltetiod.

TI-I D)ATA ANAL YSIS PROCEDURE

The sensorsý of the \\Wa ccI0 buo arc oned IInsICtde
canister about I mn ni diameter b\ about I III high (,cc
Fi". 1). SUrrourndinw thc canivter Is a flotation collar that
increase,, the diameter to about 2.tin; an ariti-capsiic
hat abose the canister increas-es. its overall heichif, ss hen
deployed, to about 2.5 mn

The Was cc buoy uses anl acccleronitnei to, mcasure the
%ertical acceleratior, of the buoy a-, it floats at the ,ur-
face. Observations, are conserted to %ertical hcase-, and A~cis~
tilts along the magnetic north-south anid east -%ssst direc- C'
tions as measured by internal compasses x% hich are cotr-
rected to true north. Sample,, are taken cxery 0.71,812
until 2560 are collected in about 34 min.( Irto Fjdo ca
infor~mationý indicates that the W\as c buns\' -wasure
heave to :i 20%, pitch anid roll to t ari d dircm.ion --

to -L2.5'
Data recordin'v ssas continuous fron 23-V` t1-1 on 14

March until 1900 UT on 20 March, Except for three tin.
terruption, from on-board recorder failure,, (0735 UIl
to I6O0 UT on 17 March. 1925 UT on 18 \March to (13(X)
UT on i 9 Mlarch, and 05 15 UTr to 12(X) L'T on 20
March), full directional spectra \sere recorded eser% Is
mmn for nearly five davs.

Tio produce a single sp'iectral estimate, thie data aret-c Figrst 1. A~ i4.
disded into ten blocks of 256 pomint eachi. The threc chan- tAoýSeým
nel records are examined for both data gap,, and noise
spikes. These edited regotins are filled by linear interpo-
lation if less than cieht i-onsecutise missinge or bad Naline
are found. if more than cnght -ire found, the entire block
is rejected. A Fourier analysis, is then conducted on each [hec calculation oft the dhiectional spc rinn, is accom -

block. Amplitude and phase corrections are made oin thec psheid in one or t sso standard Jas !ihe iirst u;es the
basis of the known response characteristics ot the instru technique descubehd h\ I oflilue c I Iien eta his
ment. Cospectral anid quadrature estitnates front eac, technique Can resolse onl\ a single pcAk In each 11requenl-
block are then aseraged in each of 128 frequcnc\ bands C.. band of the spctirum. [lhe fiýirst u 1Jori cline ot-
over the ten (or 1fesner) blocks, of the complete data col- ucints fcorresplotdirie to the mean,1 thC 1ItIndameuC-tni
lection record. The 250 points in eachi block permit a Ire- i Illoe. and its, first harm linte111 are densck ed n Omlthe
quency resýolution of 0.(X)5 1-4i in ec'ch band- Sped ra O1PC tTcI rl and quadiat nrc est mates, as lolloens
estimates from adjacent bands are then aw ra ' ed it)po
duce (A bands, eachi with a resolution of 0.01 H/-I \altics
at frequenicies lower than 0,033 Hz ws period, 10 1 i I-Q A I- (- (

wAavelength, 1350 IT) anid greater than 0.5 Fli (ssas e pe~n
od, 2 s; \tav.elength, 6 rn) are discarded. B .I 2( - ,A,
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where
C' is a cospectral estimate,

Qis a quadrature estimate,
the double subscripts represent heaxe (I ),north-south E~
slope (2). and east-west ,lope (3),r
k (wave number) C f.- r~ ) /L
A is the coefficient of' the cosine portion, and>

All~~~~~~~~~~~ hihrhroi3(o banbetontebo
B is the coefficient of' tile sine portion. 1

must be small for the partial tfixe-terni) Fourier ,umn to -

be non-negative. Thus, a weighting, function is applied 2A
that has the adverse effect ofcreatinig a spectrum hea% i
lv- smoothed in direction, but that leax cx it unaliered in
frequency resolution. I

The second standard technique used to calculate the 20
directional spectrum is the maximum likelihood mieth -
od tstldescribed bN Oltman-Shay and (;uz,a I Hit
mt.N) has sev'eral advantages over the Longuet-H-iggins 15,
technique. The pi imary advantage of' the analysis, to thle
Labrador Sea Extreme X% axes Experiment it iss Ui \is its
ability to resolve multiple spectral peaks within the same
frequency band. The Nit.%i directional resolution is there0. ij~

fore much improved over the Longuet- Hig~gins tech-
nique; the frequency resolution, however, is identical.5

Several other techniques to estimate diriectional spec-
tra from the motions of' a buoy include thle eigensector
method of Marsden and Juszko,- the ma-ximumi entro- 0
py method twIof Lygre and Krogstad,' and iterated 270
versions of both the MI 51 and MU (.(See Ref. 6 for a
comparison of these techniques.) The chief advantage of E
the xwxr is increased direcTional resolution compared mith 2 ý
the Longuet-Higgins method, and improved peak reso- g~iO
lution, even over that of' the \it o, Thus, spectral e~sti-
mates previously prepared by the Canadian Marine .D M i
Environmental Data Service for tiýxx ix have been 9.
reanalyzed in this article using the sivra. S9-g

STATISTICAL PROPERTIES .!
OF THE WAVE FIELD g ..-

Figure 2 shows, for the entire six-day mieasuremient 0
period during irwtkFx, the significant wave lieight. peak 15 16 17 18 10 20

period, and direction and spread calculated from the Fiue2 M infcn av ch t 1987) ;,ayvex
Wavec data by using the \tU~t. The estimate,, \%ere linear- Fgr .Tesgiiat~aehih ~ Ža ez

die) and direction (solid ecurvpt and soread bto i '
ly interpolated when the on-board recorder failed to oper- Quest location. calcufatedm rh&n iti- avec oata hy
a orrectty. The significant wave height is a measure maximrumn etroov eto

of the energy in the wave field. The peak period, direc-
tion, and directional spread were all taken at the point
of maximum spectral energy density. The direction ,\ak
calculated from tan ý(Bj <Aj '.The directional spread lite the "taxe period increased To ncatil 12 ',, andl tie
was calculated by using the expression of' Kuik et al.' e\1 direction s'su ý o that the dominant \\axe, \Nere

Figure 21 shows that the wav e height during i ix wt. var- cottnigw front the soitth%%01t I hrotichout IS MIarch. the

ied between about 2 and 5 mn. Until the middle of 16 \\axe hediht tell rapidlxý to a 1111loim1i11 1unde 2 Il. thle
March, the wave height was about 3 m,. and .wavc.s ap- xx axe period de:Ccrasd tO ies', Than I0 -s, and tlý hc wa

proached from the southeast at a period of nearly It), approached goncrall\ tront the soiithtwcsl

During the next 24 h, thle wave height increased to near- S-PL-T RAL .iN"AL\'SIS
IN, 5 i, the peak period remained nearl\ constant at It0 s. 0Y1'-VIE WAVUC )AT A
and the waxe direction changed to waxwes corning, fromt
the north-non diceastt. During the subsequenit 24-h period, lie foregoing dec,ýription ot the exoksit it 1 %i \ 0.0 c

the wave height fell briefly to under 4 in. (lien rose it) field wkas derix d I now t he Wet of toll(I xixto dnetlt~

nearly 5 m once more earlyv on 18 Mtarch. At the sýame direct tonal spectra troil thw \kaxe.: hklos Alfhoneýh tile



total set (oxer I(XW) is too large to display. Figure 3 shows" At around I SWX U'I on 1 Mlarch 0-ig, 4C ), tv.%o com-
a sample selected from 2150) UTI onl 17 Mlarch. 1-icte, peting wkave system-, %etu apparent: Aaxes art~iixt;~ 11011
up to four contour leitels are presented. The spectrumn the north ssilh periods ol about I1I s wkere ~ontlused anld
indicates wvaves corning front thle southwiest and north- dying out (although soni1C C% IdeICIle of their presence three
east simultaneously. Each spectrum kias eviamined ito de- ho0urS later Is still apparent) as they %kere replacLed b% tie\%
termine thle vector wýave number Of maXImum,11 ene~rex waaes from the south -southwest. By~ about 21WU LI,
density. -The 80u' confidence intervals for all spectra aesarri,.LInc front thle south-sýouthwest, wýith periods
were then estimated to determine the significant peak-,. tit about 14 s dominated. I his lonv-petiod swkell appar-
The direction, wave number, arid relatixe energy of each ently wsgcnerated ilt a StorM Centered to thle South (sAee
spectral peak were then calculated. Figure 4 shows, these the article by Cardone tin this '.olumne;. which just then
results; the time coordinates are exspanded so that inl- had begun to propagate into the region, I hiese \er\ long
dividual peaks can be resolxed a isuall\. Thle resulting SC- period wNaxes generallN etsolse to wa e 0 shorter peri-
quence of spectral peaks reveals the time cx ohition of- od. B.en until 12WX U F on IS March, hokex cr, the mia-
the wNaxe field. 10or %kaxe component had a period of about 13sfrn

Figures 4A and 4B shiow thle results, from late on 14 the samesot-stthetel direction. By 18(k) U I on,
Mlarch to early on 17NMarch. The sequence broke natoI- 18 \larch, relatia cl% 1ý,tlc wae acmd as Ileasured
rally into two distinct regimes of waves, the first begin- by thle W a\ cc.
ning late on 14 Mlarch and persisting until about 06WX Occasioniallx. wec see interesting difteretiLCe'bt thle
UT on 16 Mlarch and thle second extending from 06WX moored XWasec estimiates, arid the niodel estimates. [~or
UT onl 16 %larch through much of' 17 Mlarch. rhis lat- eviample, at the top oit 1igure 5, tile ( ~cean Data (athe1r -

ter wave regime actuallyv pei-sisted wýell intto 177 March, inL! Program rn~ niodel (%w heni drit eni a% ith ithe it i k
as .nowkn by at least one data point on Figure 4C, Wax es conimnon01 wkinds) showecd ant abrupt cIhatnpc in propaiaj
of the first regime (Fig. 4A) approached from the south- tion directfion at around 12W(X) (iT n 15 %Iarch. I hic
southeast wkith nearly constant periods of' I I s, ( I x,,
progressing from about I1I to 12 s from the beginning
of this timne to between 10 and H1 s necar the end.

Wa% es of' the s)econd regime (Fig. 413) persisted fromA
1 ~~~2 3 10 C03 5 02 CI25 -,in.,C0 13 5 0 4 0 0,j4 5

0600 UT on 16 March through at least 0700 UT onl 171 50
March. A newk system then appeared frorn the north- Nv 10 wifl
northeast. Early on 17 Mlarch (Fig. 4C), a relatively sharp to . -qi3. tOao o-

-shift in period occurred to values of typicalls' 12 to 13 sý
Throughout 18 M-arch, the period tended to shorten as20--
waxe directions rotated slightly towvard the east,

400
,5 M~c~00 T 5~'-

N

- ~0300 0705 110 1,51i5 1920 2325 0330 07'35

5200

400

o T~mfe UTi
1710 2115 0120 0525 0930 1335 1 740

II

> 200 -

S 400 -

Figure 3. A sample maximum entropy methodl spectrumn fromn !8 March 0000 UT
2150 UT on 17 March 1987, The significant wave heignt was 4 3 m.ý
the peak period was 9.5s. The direction convention is the direc Figure 4. lh(e direrlton5ý aml Piativr, energ~es (it the o'aiks
lion from which the wiaves were coming The inner circle cor ideritified by the rnXIMnATI Pnrft1OO) mpthod for 14 18 M,,rrt
responds to a wavelength of 400 m, the middle to 200 m. and The direction conventior is; thp irpej~on t0 which tho waves
the outer to 100 m, wore qortq A 14 16 March, 0 16 17 March C 17 18 M~arcn
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Figure 5. Comparison of Ocean Data Gathering Program hina- Figure 6. Comparison of Oc~ean Data Gatner nl; Plopdt, I

cast spectra (top) with Wavec buoy spectra (bottom) at (from cast spectra (top) with Wavec buoy spectra (Oclornl a! ýfrorrn
left) 0900. 1200. and 1500 UT on 15 March. Spectra are linear left) 0000, 0300. and 0600 UT on 17 March) Sciecirla are 'lnear
in wave number with outer circle at 2r/100 rad/m, and are in. in .,ave number wth outer circle at 27r100 ra(Vrm ano aire in
dividually normalized to the peak. dividually normalized to the peak

Wavec estimates, shown at the bottom of the figure, hows- rapidls to shifis in ýkind direction than do act:ual ~aC
ever, showed no such shift. This discrepancy between measured by a buoy.
model and buoy extended well into 16 March, when Nkind
speeds were quite low and direction wA-s variable. RVUL [RI-N 's

The discrepancy recurred again early on 17 March, 0"~n Pi'm M~ ý wd khej;, H ~ Oils I .I"-

when the orxip model (top of Fig. 6) and Wavec (bot- lnd (i,na ,: Xir~~,.ai iii.(.j'2.~'

torn of Fig. 6) showed nearly opposite directional esti- i

mates of dominant waves, again at comparable wave- l"!ue 0 l~i- Si n l. )I.iij m .N

lengths. Some of these differences were suppressed in Bu .i.. e .. illim~ 11a... ' t ii' N

the smoothed Wavec estimates, possibly due to the aser- 1r,~ pi I; e.~ I I f, i I 9,0W I

aging process. At that time, previously'strong northeast ,0iinl ldaN I'~ . and (.Ilia, R I i'r-r-~ N Mlia ~r~
winds were diminishing. The Wavec buoy was calibrat- 14, 1iviWin 1)0!N4)

ed both before and after the experiment, and no direc- \tar'Jen. k t , anid hliw.,~. Bi VI\ I Moheii :!-.,C~.~w

tional biases were discovered. Overall, we may assume 1x 17. Iloi6 i~i"i

that a given wave model can cause changes in wave direc- -I Aiue. - mUKroptrid. 1i 1 '1,\ta11inir I rilop. I n.liiii'-. ot -ro

tion in response to changing winds more rapidly than W'i I iiili.nii(kx i 2 I/#, I,--.' 12i i
the changes actually measured by in situ instrumentation. iAk.i-Cjcl~i:-i~e'.i~iSn p~~ "'.QNi

CONCLUSION Mmw [iijonrin'm,fl )~iad -Z, c\1 iDi I)i0,ni..i Ih.:;.
,.,d ii,:e Iý Qtte'; , I jif _v1 I. ,fireer n tn,i e h)St

The \Vavec buoy estimates of directional spectra pro- - iii i,kD(iimen~ll. iirii'n. I mld,, iP
198.

Kkw . A I , ,It) Vf,:ddi. (. Pit ajnd 14.vide an excellent yardstick against which wave model ii 1w outrime Anaul,' ,,ofVi ihji-. oili fill,,, 'i' l, Do- t 1hi (A eiw

outputs can be assessed. In itn-.wt-x, the Wasecc spectral 18. Itoioi, Iolah

estimates occasionally differed from all of the model
results, independent of the input wind field. These differ- ~ **--, ~
ences were particularly evident at times of low and shift- (M tit-1. thiih"rhik t.-. -

,rmitiritai il ii D er' i 0 ili ia.ileimu htman'e li
ing winds. Modeled waves seem to respond much more *5 du arU oinlli 1) TInkur i'gte eejl' i9 he VTrep ,riiuim 0 '11 0e i0C
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EDWARD W. FOLEY and ROBERT J. BAC(HMAN

DIRECTIONAL SPECTRA FROM THE DRIFTING
ENDECO WAVETRACK BUOY DURING LEWEX

Compared to all the other directional buoys used during the Labrador Sea Extreme \\ae,,s V-xperi-
ment (L.EWEX), Endeco Wavetrack buoys are relatively small and easy to handle. In general, their spec-
tral estimates correlate well with the other buoys. The Endeco buoy, ho%ever, seems more sensitite to
high frequency wind waves than the larger discus buoys, and this excessive sensitivit. mnay bias the direc-
tion of low frequency waves.

INTRODUCTION

The U.S. Navy has placed increased importance on
directional wave determination for both design and oper- Transmitting antenna
ational purposes. Improvements in ship motion programs .. T
allow a designer to evaluate candidate designs in a wider Locator beacon (IightI
variety of directional sea conditions. Operationally, nu-
merical tools exist to improve ship performance in waves Tnteern.- " •, .. ....Transmitter elect ronics
by changing speed and heading, if the directional charac-
teristics of the seas are known. Solidstate memory module

The state of the art of directional wave instrumenta-a eo le
tion and numerical modeling has been advanced by the Angular resolution electronics
Labrador Sea Extreme Waves Experiment lxvr-t:xl. This Fiberglass hull

unique experiment provided for the simultaneous evalu- Batery pack
ation of three technologies-remote sensing, in situ mea-
surement, and numerical modeling-all in an identical
environment.

The David Taylor Research Center (DTR(J participated Stainless steel shank
in I.EWEX using an Endeco type 956 directional wave
buoy. The Endeco buoy, developed at the University of
Rhode Island by Middleton et al.,` is based on a de-
sign that assumes that the buoy will follow the wave or-
bital velocity. The Endeco buoy and its principal com- Mooring swivel
ponents are shown in Figure 1. The spherical fiberglass
hull contains the principal electronics and batteries. A
stainless steel shank connects to an underwater trans-
ducer package that measures pitch, roll, compass direc-
tion, and stabilized vertical acceleration. The lower strut .ransducer package
assem bly responds to the orbital particle velocity in the T •,.galecompa ss.ge

water column such that the buoy attains a maximum tilt orthogonal tit sensors,•J and vertical stabilized

angle at the crest of a wave in the direction of wave prop- acceleromeletl
agation. The resulting buoy motion is similar to a stan-
dard slope-following buoy (but shifted by 90'), and the Figure 1. Schematic of the Endeco type 956 directional wave
data analysis is accomplished in much the same fashion. buoy showing the 076.m-diameter hull with bottom strut and

The assembled buoy weighs approximately 68 kg and associated electronics
is easy to launch een from platforms with minimal deck
equipment.

DATA COLLECTION AND ANALYSIS at 50.0N, 450\'. The Tydemnan later joined the Quest

Ltf\tx was conducted with a broad spectrum of in- at her location, and -hen both .esselsse moved to a net'
struments deployed in situ from the CFAV Quest and location near 42.5'N, 55.0\V, A Ifcw of the waxc im-
HNLMS Tvdeman as well as remote sensors operated Struments were moored, but most of the instruments.
from aircraft. Early in the experiment, the Quest de- including the DrtR Endeco buo\, were deployed on a
ployed at 50,0'N, 47.5'W while the Ttdeman deployed daily basis in the earl\ mornitng hours. The deployments,
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were completed before scheduled 12(X) LUT aircraft oser, rinc Inirtitcnital Data t3Cscr ic ol ()tiava, ( \N ta, ,
flight-,, and data collection continued throughout fie ('anada, x, a, rc,,poiible ot fhi dplvo\m icnt and araix,•,
morning. The buoys were retrieved during the afternoon, of data kom the \\ a,,c, uo, t,,•c Kede ,. in 0h1 %olulnie
generally before dark. The T'vdetnur deplo~ed and al- 5selected 'samples of thcir dalta ha\ cecii pI)I tcd in I iv

lowed her buoys to drift freely with the current and Wrc 2 atlontg With paranmetcr*, tf 1oni th MiK daia anaIl,
vsinds, while the Quest tethered the deployed buoys on si,. The parameters plontcd inlnjdc sivif ciii:,1s \%a&c
a long (750-m) line such that the buoys drifted as the height, modal \%a\s period, and peak l,• sc diroectio.
Quest responded to the wind and currents. The drift rates [hc peak \sase direction is defined a, thi prcdoinlnatnw
for the Tvdeman and the Quest buoys %Nere small, and, direction of %,a.e propagation at a ireqnenc\ cork-
for the data presented here, no transformation of the ,ponding to the modal frequenc,\ of the oltc-dimn•icr1inal
measured data has been made to account for the trans- q,peci rum.
lation of the buoys. The significant vs a% e height conipari.,,onN arc \% ltl •'r

The Endeco buoys have r. transmitters that relay the related, is ith1 the possible xception of 16 N.larch, \% hen
data in real time. The buoys also have solid state memor\ the [ndcvo buoy \,4s indicating Usapes Ip to 1.5 InI hieher
modules that provide a backup if the t .i transmissions than ",as the \\ aec buos. [ hc modal \Naic period con-
of the data are not maintained. Ail Endeco receiver was parisons are also \Nell correlated, niain.if hccanc •hC
used to collect and digitize the three data channels: buoy spectra tended to be uni-niodal s ith ssel-dcfified pa,'.
double-integrated acceleration (heave), north-south tilt, Zero-cro',sing-period comparisons %iere also made (but
and east-west tilt. A Pt)P If 23 processor %kas used to per- not shossu,) and found to be more closls c,0%orielated than
form in situ preliminary data processing and also col- were the modal periods, as \\ould bc e\pected. The most
lect the data on floppy disks for post-experiment pro- interesting comparison is the peak ssaae direction. On
cessing. some days, such as 16, 1-. 19. and 20 M\arch, ihe corn.

The Endeco buoy data were digitized at 2 samples,.s parison between buoys is good. On 15 March, ho\sseer.
for each of the three data channels. During the dightiz- a discrepancy of approximatelN 500 emiqr I hat date sias
ing process, the data were passed through a 3-Hz loss- a transition day with z: southerl, Nsase , :em dimminih-
pass filter. The data in the direction channels were con- ing and winds swinging around to a nortcr}l.v direction.
verted from tilt angles to slopes and engineering units
were applied. When necessary, the data were filtered us-
ing a two-pole high-pass digital filter to eliminate elec-
tronic drift or offsets. The stationarity of the data was A- 5..
checked to determine if any of the data were unusable. C
The lengths of the data sets were then selected. Typical FD No,

run lengths varied from 1728 to 2304 s with the number >
of degrees of freedom for the spectral densities ranging C-1

from 51 to 68, respectively. iE W
The DTRc analysis procedure is based on the Longuet- 2 Driting gndeco buoy

Higgins' approach of calculating the first five Fourier Canadan Wav~c bioy
coefficients. Initially, the auto- and cross-spectra were
calculated using a fast Fourier transformation (Ft-Ti. B
Each data set was divided into segments of 256 samples g
each. A cosine window was applied to each segment, a, 12 -
which was then overlapped with the next by 500,7. The 4 4 { . ,
real and imaginary parts of the cross spectra of each of
the three channels were calculated to yield the in-phase -
and the quadrature spectra. From these, the Fourier o ... .. ..

coefficients were calculated.
The Fourier coefficients were used to calculate mean C 2 -

angle, rms spreading, and directional spreading. The - 220-
spreading was calculated using a uni-modal directional -
spreading formulation put forth by Longuet-Higgins et U
al.' The spectral and spreading calculations used by N , .

DTRC have been detailed by Lai and Bachman.' > oo•- > 1 -
,,:60L- 9

DATA RESULTS AND COMPARISONS a) 20;- . ..
m1 20

Forty-seven directional spectra were collected and ana-

lyzed from the Endeco buoy deployed by the Quest. The E, 7

measurements started on 15 March 1987 and ran through Figure 2. Comparison of Endeco Wavetrack and Datawell
Wavec buoy parameters during tEWEX tA) Significant wave

25 March. During the first few days of data collection, height, and (B) modal wave period show general agreement (C)
the drifting Endeco buoy was deployed in the same gen- Peak wave direction shows correlation. however, notable dis
eral vicinity as a moored Datawell Wavec buoy. The Ma- agreement can be seen for 15 and 18 March 1987 data



E. R$. Foley and R. J. Buchman

The peak directions of Figure 2 have been plotted in the and modal waxe period paramelCtrs also compa1re ld%0r-

direction that the waves are coming from. (This conmen- abl, as shown in Figure 3.
tion is standard for ship-based estimates, but is opposite Comparison ol parameters gjles a good indicatijon of
to that of many wave models.) After careful study of the lunctioningz 01 the ilndCco b11oo. It i,. hose,.r, also
the data, it is the authors' contention that the Endeco interesting to look at comparisons of the entire direc-
buoy results are biased by shorter wind waves, and the tional Spectrum. Gerling' has descloped a common lin-
results on 15 March incorrectly indicate the predominant ear waxe number formal for compariS0on of remote in-
energy direction. About 12 hours later, the Wavec buoy strumtents, in situ instruments, and wac torecasts and
results show this same shifting in energy direction toward hindcasts. Figures 4 and 5 hase been extracted from Ctet-
the north. The Endeco buoy directional bias toward ling and show comparisons of directional spectra for 15
shorter wind waves has made it, in this instance, a cor- and 16 March 1987. These figures use the waxc-propa-
rect forecaster for a shift in energy direction. The poor gation direction conmention of "toward" rather than
correlation on 18 March can also be explained by a short "from," as %%as used on Figures 2 and 3. As, discussed
wave directional bias of the Endeco instrument, earlier, comparisons bet\ween the Endeco and Wasec

An interesting day occurred on 20 March, with the buoys on 15 March were poor, and this difference is also
Wavec buoy having the greater variability in its peak seen in Figure 4. The larger angular spread of the drift-
wave direction. The Tydeman joined the Quest at her ing Endeco buoy data is believed to be a result of the
location on 19 March and then deployed buoys in the l)rR( "osine spreading method used, as opposed to the
vicinity. Figure 3 shows comparisons of parameters be- maximum entropy used to process the Waec and Waxe-
tween the DTRC Endeco and Norwegian Wavescan scan results. This tendency toward larger spreading an-
buoys.-5 The Wavescan buoy shows 20 March to be a gles from the Endeco buoy was seen throughout the en-
day much like 15 March, with energy swinging from a tire experiment. Ignoring the differences, in spreading.
southerly direction to a northerly direction. The Endeco it is the authors' opinion that neither instrument is tell-
buoy's directional results appear to be well correlated ing the complete story. The predominating system has
with the Wavescan buoy in this case. Indeed, the peak been propagating toward the north, but the southerly
directions are well correlated for spectra measured later wind has swung to an easterly direction. This wind sea
on 23, 24, and 25 March. The significant wave height change has excited and biased the Endeco buo, results.

The Wavec buoy has failed to detect these higher fre-
quency waves. The wave models ha\e incorrectly shown
a complete rotation of the wind from south to north and

A 5 resulted in opposing decaying and growing wave s)ystems.
Thus, Figure 4 may be considered a classic illustration

. 4 i of failure to define adequately the directional spectrum
"either through a model or an in situ instrnment.

3-lC
L02bjF s Drifting Endeco buoy Model estimates Model hindcasts
Eu9 ) Wavescan buoy Ship estimates (separate winds) (common winds)

co2( r i3SOWM

o •B' 140

'0

0.

S60 e• •l~~e • Figure Vac Directoa spectr rereenatonsfr10 To

C 260

.~220

C
.01800.

of.

20 21 22 23 24 25 generation" U.S. Navy Global Spectral Ocean Wave Model

March 1987 (Gsowm) and the "second generation" United KingdomFi0ur 3. Comparison of Endeco Wavetrack and Seatex Meteorological Office IUKMO) model are presented using self-

Wavescan buoy parameters during LEWEX. (A) Significant wave generated and common wind fields. The model estimates and
height, (9) modal wave period, and (C) peak wave direction all hindcasts indicate opposing wave systems, while measure-
show good agreement. ments indicate only one system in existence
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Model estimates Modei liindcasts ('OM( 1' 1 S I (NIS
Ship estimates (separate winds) (common winds) 'I'le authiors ex~perience duhin2 Ii VI \i %Lind 'c',:ial

F,"e o dr if t Liq.n PSW $~IN - . other dcplosmenkll has ploxenI the lirldeio W~a\Qlirack

buIO\ to be a hghit\%eighit and ca'ýik' deplo~ablc hu0ix This
f ~is sipnificalrt for the Na\ here deck craile, are usliaII

riot a, aiiable for buoy depboyncns 1.1 % Ii i \ results
~j ~j 'hox\ ed t hat hie drift jug hrdeco buos ", Sp~ccral estinriale'

Vdid compare fiivorabk \%ith other in mmu dcý ices. I hie
fEndeco buo'\ , nialler si.,c permirts better definition of

IN vec Moored __UKMO _____ UKM0 O higher frequency %ka~es. The authors befic~ e, hmoxeer,
Nthat in certamn cases the Endeco buov \ dir-ectional deter-

Ai Ilmination of low~er frequenC\1 v~a,,c can be biased b\
shorter %%ind wkaxes. The res~ults aklo indicated that thre
DI R( analysisi process (a cosine spreading function) tend-

I ed to spedthe energy o~.er a broader range of hecadings
than the mtaximumn entropy miethod (descri-bed by Krog-
staid elsew~here in this %011ime) Used Iin the anak-xi\ oft the

Figure 5. Directional spectra representations for 1800 UT on other in ortu device,,.
16 March 1987 at the Quest location. The "first generation" U.S.
Navy Global Spectral Ocean Wave Model (Gsowml and the "sec- R~lH IRLN(LKS
ond generation" United Kingdom Meteorological Office (UKMOI II BxIRt"
model are presented using self-generated and common wind tii' Ii I1<.2.2. i

fields. The DTRC drifting Endeco buoy shows reasonable agree- ,,, . * .. A

ment with the Wavec and the wave models. Nf~om 1 ii . I dixi I k y'<i in,! V ...

Ii onSc fl. %1 1, ix r .a Ie ~ .'a 1) 1) ,IJ ~ -.

Figure 5 shows a more stabilized situation where the q Ow iu '~ ii.1'2 1A~-,. '.

northerlies are predominating. The drifting Endeco buoy 'I .ý.. R I .*od liahtum. R I .. A ld~~.'~

results are in better agreement with the Wa,,ee buoy anid . DI \SHiX "I'D. I I6_01- DtH'. \ 'J It,,

other instruments, although the Endeco buoy results may ota.iiI iaIn,*4u/ i,' IhrxIuu'.

be biased a little more toward a westerlyv direction. The W.0810I, lrondiium. No?\wJ *fQ. -ý' '"

models have indicated a swing in wind direction, and "("jimg .L I~ i A~ U Aj %\I kl 1hI-I '(a,

the Endeco buoy may be once again biased toward the 'law ('9/W 0 'a,,w'lon lior' 12 II~a i~"i 'I.' !ý'lii

resulting short wind waves. \tJ i 9o



FRIEDWART ZIEMER

DIRECTIONAL SPECTRA FROM SHIPBOARD
NAVIGATION RADAR DURING LEWEX

During the Labrador Sea Extreme Waves Experiment, an experimental version of a shipboard wave-
measuring radar was used to estimate directional spectra. The data analysis yields unambiguous wake
spectra using a three-dimensional fast Fourier transformation operating on a time series of radar images.
The technique can be employed from a rapidly moving ship and in seas with a significant v'ave height
of up to at least 9 m.

IMAGING WAVE TIME SERIES
BY SHIP RADAR

The visual inspection of wave patterns (sea clutter) dis-
played on the radar screen of a marine radar is routinely I Short waves (<10cm) i Long waves (>40 m)
used to estimate the mean wave direction and the mean
wavelength.' The technique to store such patterns and
the analysis to calculate wave image spectra have been Radar backscatter Modulation/dr radar
developed and improved in recent years. -' The storage
of the wave pattern during the Labrador Sea Extreme
Waves Experiment (t.E\SEX) was achieved by a photo-
graphic camera whose shutter was synchronized with the
rotation of the radar scanner. The physics behind the
sea clutter phenomenon has been of central interest for
as long as marine radar has existed. The principles of
Bragg scattering at the water surface and the imaging
of the wave field of interest may be treated similarly to Time series of 32 pictures
other microwave systems. y from the radar plan

In this article, the discussion is focused on one charac- A position indicator
teristic feature of the marine radar. The low antenna
height of a shipboard radar leads to a perspective in
which the modulation of the radar cross section is strong- Digitization and

three-dimensionally influenced. Even if a linear transfer function from the fast fourier transform
wave field to the wave image is assumed for a real
aperture airborne radar, the modulation from shadow-
ing causes a nonlinear effect when imaging waves by ship Power spectra
radar. 4  I ___,_)

Figure 1 shows the essential aspects of the technique. Integration and
Measurements are taken in both space and time, so that transformation
the sample is defined in three dimensions. The Fourier --...........
presentation of this sample is defined over the two wave . .. -..... ...

number components, k, and k., and the frequency, w,. F(+
1 kx ky) 0F21(rn, 0) F('i("); P7{ti

The elimination of the 180 ambiguity in wave prop- ---....-
agation (which is inherent in single radar image analysis) Figure 1. From time series of wave pattern to different presen-
is an important result of the three-dimensional analysis. tations of asymmetric wave imarge spectra. The dimensions of
The article by Rosenthal and Ziemer (elsewhere in this the spectral arguments are given as superscripts in parentheses

Arguments are the wave numbers k. and kA, the frequency c.
volume) discusses how the additional frequency informa- and the direction o. The spcctrum of the mean wave direction
tion is used to obtain the unique direction of wave energy is •'(,.
propagation. As indicated in the lower part of Figure 1,
the three-dimensional spectra may be used to deduce oth-
er spectral properties. To apply the three-dimensional
techniques we must have sampling that is sufficiently time series and correspondingly large ,urltce area are
dense in space and time to obtain an acceptable Nyquist required as well, so as to include the portion of the dis-
wave number and Nyquist frequency. A sufficiently long persion shell containing the ý%avc energy.
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SPECTRAL PRESENTATIONS AND I hc mo,,t complete spectral presentation ot thc ,Ca
THEIR INTERCONNECTIONS state is gien bh thc three-dimensional fourier transtor-

Wave measurements may be taken in different sample Illation, %%hich is discussed in more detail in the article

spaces, depending on the equipment used (.g..le b Rosenthal and Ziener in this solum. Here xkc follmý
pie space for the image of a wave field is defined bs the the transform from the top of 1-igure 2 to the left side,

Cartesian coordinates x and v). The Iransition fronm tle by considering only positive frequencies totr te integra

sample space to the spectral presentation is obtained tion. Positise frequencies are related to the ssasc number

through a Fourier transfornmation. The spectrum of an vcctor through the unique and correct direction of prop-

image of a wave field is defined over k, (positive for agation,
east-traveling waves) and k, (positive for north-travel- A '" *
ing waves). The dimension of the Fourier space over
which the spectrum is defined depends on the dimension • t
of the sample space. The most important spectral prop- I his tcnique pro P ide unamb is lt. from the
erties and their interrelations are given in Figure 2. For frequency , = .,2 up to the Nquist limit. "he ia-
clarity, the dimensions of the argument of the spectra pact of the Doppler shift, when the nicasuretlent is taken
are given as superscripts in parentheses. from a moving ship, is discussed later in this article. Fig-

ure 2 gives the relation to the one-dimensional presenta-Oin the top of Figure 2, the three-dimensional presen- ies

tation is given by the output of a three-dimensional fast lion, necessary for the analvsis discussed later. The Ire-
Fourier transformation. On the left-hand side are given quency spectrum t"'(4 and the co- and quad-ftre-
the two-dimensional presentations, as they result from quency spectra (QC,2(L) and Q,'(,,,), as they are known

single-image analysis. On the right-hand side of Figure 2, from analysis of pitch and roll buoy series, are equita-
the presentationsare given from the analysis of time se- lent to the directional integrals of the corresponding cross

ries measurements. The interrelations between the multi- spectra. The resulting mean direction, as well as the
dimensional and the onie-dimensional spectral types are directional spread, is independent of the absolute calibra-
given by integrations and by transformations of coor- tion of the measurement system.
dinates, assuming linear gravity wave dispersion. For the IMAGING WAVE TIME SERIES
other transfer direction (from one-dimensional to multi- FROM A RAPIDLY MOVING SHIP
dimensional presentations), a weighting function for the
directional distribution of the wave energy must be as- For the improvement of data quality, the integration
sumed. in Equation I is not performed over the full three-dimen-

Imaging in
time and space

Imaging at a Ft )(kw) Time sampling at a
fixed lime fixed location

f3)(k,w) dw "j F 31(k,) dk

2r

I Q~il 0) F 2 (k) f F(2)(w, 0) de
0

2i- _Figure 2. Different spectral presen-
si•( 7 Fo2 ( 0 -.,--OC.t?(w tations and their interconnections

2 Top: three-dimensional spectra Left
side: two-dimensional spectra. Right

2w side: one-dimensional spectra. C,,
J fkl (cOS 0) F(2)(,,O)dO __ _. and 0,, denote co- and quad-fre-
o sin 0 J quency spectra. D(,.: ti) denotes a suit-

able synthetic weighting function.

(2 _____ Synthetic weighting
function in 0
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sional space. To avoid noise signals resulting froi other /
than the wave field of interest, only those energies that
lie inside a small spectral window close to the dispersion
shell (i.e. inside an interval given by the resolution Uship /
cell') were summed. The speed of a ship relative to the
body of water carrying the wave field results in a "cur-
rent of encounter" that Doppler shifts the wave frequen- 0
cv. Thus, for the definition of a spectral window around 0.2
the dispersion shell, the distortion by this Doppler shift
must be known. If no current of encounter affects the 5--
sampling of a wave with the wave number k, its frequen- I 20
cy is given by the isotropic dispersion relationship by'=gk tanh kh, where g is the acceleration caused by 10

gravity and h is water depth. The same wave, observed ,
from a ship moving with the velocity u, seen from the k-..x- .... . - x
nonisotropic frequency of encounter has the frequency' -005 0.1 0.2

described by

S= + (ku). (2) 20

In Figure 3 the intersection lines of the dispersion re- I
lation are plotted within the frequency-wave number0 -0.20
plane for different speeds of the ship (in steps of 5 kt). 20 i_.-
The plane is oriented in the direction of the ship head- Figure 3. Intersection lines of the wave dispersion shell with
ing; that is, the ship is assumed to travel in the positive the (k,,, ,,) plane, for different speeds t0 to 20 kt in 5-kt incre-
k, direction, whereas the k, axis lies normal to the ments). For the different speeds, the isolines of a wave pack-

plotted plane. age traveling with the ship are given. Energy propagation is given
Isolines of the energy of a hypothetical wave package in the "coming from" direct

traveling in the direction of the ship heading are plotted
in Figure 3, for various speeds. This demonstrates the
impact of the resulting Doppler effect. The energy of ison discussion are the results from !6 March at 1800
the same wave package is shifted parallel to the frequen- UT and 17 March at 1200 UT, when a more complicat-
cy axis when ship speed changes. For higher ship speeds, ed situation was encountered. Both events demonstrate
the frequencies of encounter at higher wave numbers the advantage of the dispersion technique, since two 180'
may become negative. To avoid ambiguous results, the opposing wave systems with similar wavelengths existed
separation between the energy with the unique wave and were independently verified by the buoy' on each of
direction from its mirror image must be defined by a these day's.
plane described by For other (instantaneous) imaging systems, this bimo-

dal structure in the wave field is ambiguous. Direct sepa-
W, (k) - (k - u) = 0 . ration of the two systems is not possible from single time

step measurements. On 16 March at 1800 UT. a relic

COMPARISON OF SHIP RADAR SPECTRA of the NNW-propagating swell with wavelengths close
to 100 m was still detected by the ship radar. At the same

WITH WAVESCAN BUOY SPECTRA time, a new swell system traveling toward SSE with a
Good comparisons between the ship radar and the dominant wavelength of 170 m was detected, in agree-

Wavescan buoy were made on each day from 14 through ment with the buoys.
19 March 1987. The sequence of intercomparisons is On 17 March at 1316 UT, the ship radar detected rap-
shown in Figure 4. All ship radar spectra were calculated id changes. (See Fig. 2A of Rosenthal and Ziemer in this
using Equation 1. Consequently, these spectra give the volume.) A long swell heading to 300 had arrived. Ad-
unambiguous direction of wave energy propagation. The ditionally, an opposing swell heading to 210' was also
signal-to-noise ratio was increased by employing spectral detected. This spectrum is rotated clockwise compared
window filtering (as discussed earlier), with most other measurements. But considering the time

The NNW-propagating dispersive swell at 1200 UT shift of one hour (1200 UT is the comparison time) and
on !4 and 15 March 1987 was clearly detected by the the clockwise rotation of both wave systems as confirmed
ship radar as well, and are good examples of asymmetric at 1800 UT by most of the other measurement systems,
image spectra that describe unimodal wave conditions. this result seems reasonable.
Similar unimodal conditions could be identified by the Thus, for the intercomparisons between instruments
ship radar on 18 and 19 March as well. These situations and models, the asymmetric image spectra from the ship
are easy to detect by buoys as well as by imaging instru- radar can resolve many of the discrepancies between the
ments because the ambiguous part of the spectra may directional features of the observed and modeled wrave
simply be ignored. More important for the intercompar- fields.
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Itre'ctionul Spet'ra Jram Shipbourd %au 6autun Rudar

Wavescan Ship TF(f) = cont,. fi.r (3)
buoy radar

The exponent b, that is valid in Equation 3 for lo\w fre-
quencies is assumed to be a function of the particular
radar. As shown in Ref. 4, the shadowing at high fre-

14 March quencies causes the exponent h, to be a function of the
1200 UT wave field itself. Therefore a general reference must be

defined. For the I itx\ix data set the actual exponent h,
was estimated by fitting the radar spectrum to

E(f) =g 2 (20'Jr f (4)

15 March in the saturated portion of the wind sea spectrum (f >
1200 UT 1.2 f,, where f, is the frequency at maximum energy).

The Phillips parameter a was assumed to be constant
in this part of the spectrum, with a value of ft - 0.008.

From Ref. 4 the exponents b, were fitted for each
Smeasurement and applied to the spectra. The constant

a factor in Equation 3 was fitted from the wind sea as well,
but used for the full spectrum. The significant wave

16 March heights that were evaluated from the radar measurements
1800 UT on board HNLMS Tydeman by this method were com-

pared with the results of the other instruments.' The
correlation coefficients from a least squares linear regres-
sion analysis were as follows:

Number of

17 March Wave sensor samples compared Correlation

1200 UT Delft 22 0.923

Wavescan 13 0.796
Infrared sensor 20 0.801

Observation times differed considerably between mea-
18 March surement systems. The buoys were sampled over 30 min,
1200 UT whereas the radar was sampled only over 60 s. For a

more detailed statistical check of this comparison it
would be necessary to sample and average radar mea-

, surements during the full period of buoy measurements.
Nevertheless, these results give a hint that this method
of estimation holds promise for obtaining absolute value
wave energy spectra from radar measurements.

19 March As an example of a measurement of a high sea state,
1200 UT the data set discussed above was extended during a cam-

paign that occurred in November 1988, in cooperation
with the German Hydrographic Institute (lHI), the Nor-
wegian Meteorological Institute, the Statoil Company,

Figure 4. Wave number spectral intercomparisons of ship ra- and GKss Research Institute. During this campaign the

dar at the Tydeman with the Wavescan buoy for six days dur- research vessel Gauss of Ditl operated for three weeks
ing LEWNEX, Plots are linear in wave number uith the outer circle in the Statfjord field situated 100 nmi west of the Nor-
at 27t100 rad/m. wegian coast.

Figure 5 shows a time series of significant wave heinihts

ESTIMATE OF THE SIGNIFICANT over a 48-hour period that contained aq 8-hour period
WAVE HEIGHT where the wind speed exceeded 30 m/s,. surrounded by

a 20-hour period where the wind speed exceeded 25 m.'s.
To get an independent estimate of the significant wave The figure gives the results of the significant wave height

height from the ship radar, a one-dimensional transfer calculated from the measurements of four different sen-
function, Tf, was defined as the ratio of the radar spec- sors. Two instruments (the Wavec and the \Vake rider)
trum divided by the spectrum of the wave field, were housed in moored buoys. [he other txso time series
parameterized for two frequency intervals by are results from the narication radars on board the
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F Ziemer

9 1 1 1sensors is another indication that the transfer function
0 of the ship radar (Eq. 3) is well estimated.

0 0 oCONCLUSIONS
00

:1: 6- 0 0 Although only an experimental version of the ship ra-
- o . dar technique was used during I.uwtix and other similari campaigns, wave measurements have already proven to

be important. This sensor, which is available on board
every ship, can perform wave measurements during a

3ship's cruise without any added time consumption. The
15 *, Radar (Starjerd A) . results provide an unambiguous direction of wave prop-

0 o Wavec agation. We therefore expect an increase in marine radar
/ Wave riderj measurements of this type in the near future.

0,I J REFERENCES
1200 0000 1200 0000 1200 0000 1 Wright. J. Wk._ "'I. ).lecion o? (O'ean W"\a ies b. NJro;lso Radar, IhV Sodu-

7 Nov 8 Nov 9 Nov lation of Short (iravtyr Capillar, \kaes." oamnddrr t aver h,'teorol. 13. X- 105
Date (1988) and time (UT) (1978f.

2Mlautie, M, G,., and Harris, Dr L.., A Syvstem .jur Using Ratdar To Record Wave••.

Direction, Technical Repxirt 79-1, U.SL Ani, (-fip, •d Fr ncer, (ioot tn-
Figure 5. Time series of significant wave heights calculated gineering Research Center. Ft, Beloir. %a. t1979).
from measurements of four different sensors in the Statfjord 3 Young I. R., Rosenthal. WV. and Ziemer, F. "A Three-Dimensional Anal%,i,
A's field (November 1988). o(t Marine Radar Images for the 1)ertnination ofo-can ,,a'. Directionahlu

and Surface Currents:' J. Geopphks. Res. 90, 1049-1059 (f985),
4 Ziemer, F.. and Rosenthal. W., "On the I ransfer Function of a Shipbcrrnc

Radar for Imaging Ocean Waves." in Proc. IGARSS '87 S.vnp.. Ann Arbor.
Mich., pp, 1559-1564 (May 1987).

Gauss and on board the drillirg rig MS Statfjord A. The Alpers, W., Ross, D. B. and Rufenach. C. I_ "Ott the Detectabilitm of (kean
significant wave heights from the radar measurements Surface Waves by Real and Synthetic Aperture Radar." .J. Geophyls Res. 86,eestimated as described earlier. The good agreement 6481-6498 (1981).were Maron, A., and Blanco. G.. "Comparisons of In-Situ Measurement, during
between the wave height time series from the different LEWEX." Data Report Programa de Clima iarnimo. Madrid (l9L8i.

84



AIR AND SPACE MEASUREMENTS

IN WHICH AIRBORNE AND SPACEBORNE RADAR
TECHNIQUES FOR ESTIMATING THE DIRECTIONAL

OCEAN WA VE SPECTRUM ARE DESCRIBED
AND EVALUATED



II)DWARt) I \,APSI I

SURFACE CONTOUR RADAR DIRECTIONAL
WAVE SPECTRA MEASUREMENTS DURING LEW\EX

Measurements of directional \Nase spectra Illade wisiIth. tlit: Ic (. Ioiut I4a Cdoia" in \lta Ltch 19,,- atc

presented and atialy/ed, The spatial a.lration of the pfopagation dircct oow, oi cact1i d.ls is u',cd to tlvu
gest possible source regIions of the stsi c ficld,,. Ihe result, a•e aI'1o used to inter thc tcmpral Nat 3 d iaiil\
that might be sensed by stationarN in wttu instrunt,.

INSTRUMENTA]I(ON

The -;, R (Surface Contour Radar) i a Goddard
Space H-light ('enter 16-6 t1-1, cmputer-,ontrolkxl atuorli:
radar' that generates a false-color-coded cl,,atmin map
of the sea surface below the aircraft in real time. W\th ti
postflight data processing, it produce, txcean direct j4 inal
wave spectra. lhe sý K is a straightlor%%ard remote sens-
ing instrument. Data interpretation is easy since th,( 30
yields a direct range measurement. Dalta ftom thc s,,t k A

have led to a new model to describe how a fetch-limited
isae field evolves.-

Figure I shows the nominal measurentent geometry
of the scr and the horizontal resolutions in terms of the
aircraft altitude, h. An oscillating mirror scans a 0.96' 4
1.420 half-power--width pencil beaam laterally to measureo 096 A"h tak

the elevations at fifty-one evenly spaced points on the 1 42 Across track ,
surface below the aircraft. At each point across the
swath, the scR measures the slant range to the surface F1tp•,•
and corrects in real time for the off-nadir angle of the -N60 ar•. iack
beam to produce the elevation of a given point wsith re- A . ,
spect to the horizontal reference. As the aircraft ad- v .
vances, the ,CR produces a topographic map of the sur-
face below by generating these raster scan lines at tip N41 across track

to 20 Hz. A two-dimensional fast Fourier transform
u.-.rr is used to transform this rectangular topographic
map into a directional wave spectrum. "

Whenever elevation data are transformed using a two-
dimensional -i-r, a 180° ambiguity exists in the %ave
propagation direction because the elevation data could.
represent waves propagating in either direction. In gener-
al, we can clearly determine which lobes in each spec-
trum are artifact lobes by comparing Doppler-corrected -Nt2 .....
spectra for different ground tracks.

Doppler corrections to compensate for the wave trans-
lation over the data acquisition interval are applied to .er .. h a.Figure 1. Measurement geometry of the ý•-co antj te lnorsOn.
all wave components during data processing. The cor- tat resolutions in terms of aircraft attitude ih)

rections shift the real lobes of the spectrum into their
proper positions but double the Doppler shift for the
artifact lobes. Therefore, the artifact lobes in the cor-
rected spectra do not take positions symmetrical from DATA COIlECTION STRATEGY
the real lobes but shift along the direction of' the air- During the labrador Sea [xtrenle Waavmes perimcnt,
craft velocity vector.' ,R data were collected on 14, 16, and 17 March 1987.
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The bottom portions of Figure 2 indicate fin plan kiok' ot I MIi. [thc lot.e.st 'olito.lhiru bcir1 at nc .tnite k- ci In
the ground track oser sAhich -Ai k~ data ,kcre acquired onl absolulte sec:trlu dervisir 101 all lpcia 1 hec alilitaict lobes
those days. the positions, of the research -hips, the Iin thcse tiguie arcmarkcd bst 't "'-v V. xl\qi 04os
CFAV Quest and HNI.MS Twdeirnun, are indicated hý t r I CtICelik Ir Nh I 11V 1 iins oý 1 eak k II V. I" a t 'A1101` icnt
the large circles with inrscribed crssesý. lihe grL)wrd fracks Radar (kcaiw VOac~eoicc s.ha~k,,in, this
on all three days proceeded fronm east to tiest. The ir- sollumeic Msicnl the VestMICtatS ssCI Netc 111 ssiliiAbot"O 4t kil
regular path was Used to help Sort out the 180' anbigu, 10nd 2' h Of the -A R
ties, in wave propagation. 1 Iggtirc shoVw -1 k ecV6: tr lot 14 %1Xai 0h ortSpotid

The middle portions of Figure 2 showi the isariation toeL to (he tliciAtauts 1jjdi,:atd bsi thte threeV sidid 01irje'
%kith longittude of the direction of propagation at the kil (thc planl %lcti al ti thebottom tiett ot I iv'urc 2 1 he
peak of the iarious wase field component., obscrsed in \aias field has t'li %:ill cI 1ponWit " ii~ tras 1oclillv slhti.1I
the 'Wk spectra at the locatiows indicated in the bottomn \>r of 0orth and onte 11\411, clin ' Old % south ot liic't
portions of the figure. On all three days the dominant [-or the "pectruirn at the right, %kh, h %k'N taken near the
wave field propagated generally toward either the north Iid'vemar. the pek oit the nort h.propayar ilt! s'as c tikid
(14 March) or the south ( 16- 17 March). and a trend oit 1- 6 dil g!reater thun that of the xssptýgaigSictem
the propagation direction with longitude wkas apparent. I-or [the Middle spectrum of Heigur !e 3. shi a taken

Figures 3, 4, and 5 show directional wa~e spectra for boetwee (the Quist arid the 1'rdeAvn. the notrth propa
the three study days: the contour i n es are at inrersals gallrug sAate field peak had increased h\ I di. "hile Ithe

14 March 16 March 17 Match

150 -~ j

>175

260 Figure 2. Variation with icrgdade
Iof the ~viavelerigr ,4:i and direction

330 of propagation imiddiei of !he various
,wave fields present o;, 14 ileft,, 116

Q 300f '(middlel. and 17 March loighti Domý
nant wave fields are represented by

a270- K;circles, secondary wave fields by
. -240.- l squares. and tertiary wave fields by

o 40 naingles Plan vies of the locations
of the SCR directionai wave spectra

.~ 210 I{,~for each day are shown at the bat.
I ,~-torn The small circtes show the cen

S180 - . ers of the data span~s, the large
-1 0 circics with inscribed Crosse,, show

51 the locat ions of the ships Quest and
150 .. ~ -~ .Tydeman rydeman. and the solid circtes rnid-

.~~Tydeman
A Tyea Tyemn 0 0 Pigures 3, 4 and 5,ct ctnso pcr

50es 0 uest ~ V Quest

t:49 ~I ~ -~

z2 50 494847 46 4550 4948 4746 4550 49 484746 45

West longitude (deg)

1400UT 130 U 130 UTFigure 3. Direction-at wave -number
140 UT 133 UT100U spectra for 14 March 1987 at the to-

- cations indicated by solid circles on
- the Figure 2 plan view ibotlomi Con-

r tour tines are at 1-dB intervals in units
of m~lrad Artifact lobes caused by

I . 180' ambiguities are marked by an X
Note the rapidly growing easterly
wave system near the Quest Color

t - .7,overlays are estimates from nearly
coincident (generally within 50 kin)

I d8 1d13 ROWvS spectra (Jackson, this volume.)
I -. at either a 3 or IdB level from peak

S 7
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-1915 U1.186 1

Figure 4. Same as Figure 3 except y< 2N. 7
for 16 March, Note the rapidly tn. . 4creasing strength of the northerly /""" • '

wave system shoreward of the /-
Quest. , . .

-1420 UT -1400 UT -34J U 1 -1320 U

T I
r/

Figure 5. Same as Figure 3 except for 17 March Note the evidence of two nearly opposing waue systerns , the
evolving spectra,

west-propagating system increased by 2 dB. In the left Aisc as the alr;ii f[ t ijelcd toward th 'et. Thu,.. the
spectrum, taken west of the Quest, the north-propagating tlo wave fields and their artifdact,, ar quite clear in the
system had diminished by 4 dB, while the west-traveling two spectra on the left of the figure, but esident onlh
wave field had grown by another 2 dB, making it the in the subtle extrusions of the two spectra on the right.
stronger system at that position. A similar evolution is Had the A R ground track been to"ard the east in-
seen in the ROWS spectra. stead of' the west, each artifact in the spectrum on the

The aircraft ground track for the middle spectrum in right of Figure 5 would hase been pushed towNard the
Figure 3 was to the north, and the ground tracks for east, away from the real lobe of the other N"ase system
the left and right spectra were to the south. The artifact instead of into it, which Was seen for the vwcstward track.
lobes in the middle spectrum of Figure 3 were shifted For an eastward ground track, the lobes and their arti-
significantly to the north (in the direction of the aircraft facts might have appeared distinct, e\ en in the spectrum
velocity vector) relative to the artifact lobes in the left on the right of Figure 5.
and right spectra, as expected. The weak tertiary wa~e field that was obserNed briefl.

Figure 4 shows three spectra for the positions indicated appears as an extrusion of the lowvest contour in the -ec-
by the solid circles in the 16 March plan view at the bot- ond spectrum from the right in Figure 5.
tom (center) of Figure 2. The dominant wave system was
propagating toward the south and was weakest near the IDENTIFYING PARTICULAR
Tydeman (right spectrum). Toward the west, the strength WAVE FIELDS
of the system increased, and the direction of propaga-
tion rotated clockwise. Two of the spectra suggest the Figure 6 shows gnomic projections in which radials
presence of a weak secondary system propagating slightly from each observation point were extended in the recip-
north of west. The nearly coincident ROWS spectra show rocal of the propagation direction. These extensions were
good agreement with the SCR. used to see if source regions could be identified for the

Figure 5 shows four spectra from 17 March for the various wave fields. On 14 March. the north-propagating
positions indicated by the solid circles at the bottom system appears to have been generated in the region
(right) of Figure 2. The Doppler-shift analysis suggests around 440N, 44°W. The wsest-propagating wave field
that the spectrum on the far right of Figure 5 (closest appears to have been locally generated.
to the Tydeman) contained two wave systems of about On 16 March, the south-propagating system appears
equal wavelengtn propagating in opposite directions, one to have originated near 540 N, 47°W; on 17 March, it
north, the other south. The suuth-propagating wave field shifted slightly eastward to 54°N, 46°W. Figure 6 sug-
became dominant and rotated clockwise as the aircraft gests that the region of generation for the north-prop-
progressed toward the west. The propagation direction agating system on 17 March was near 47'N. 46°W. The
for the north-traveling wave field rotated s.ounterclock- tertiary wave field briefly observed on 17 March. indi-
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14 March 16 Match 17 MarCh

65' ,-
Yp..

~55O - K ~ ~~Figure 6. ('c':

20 20;, 20-

355. 30, 5. 40' 0 40 X0

Longitude (W)

cated by the three radials diverging through 47,5'N,W.10 330U LI 850U J 35C ,
40°W, appears to have been locally generated. 100

The radials in Figure 6 for the secondary wave systeni
propagating toward the northwest on 16 March are am- Q g .';
biguous, probably because the secondary wave field ww,
indistinct in the spectra (Fig. 4), thus making it difficult,,
to determine where its peak was. 200

The top portions of Figure 2 show wavelength infor-
mation for the primary (circles), secondary (squares), and -
tertiary (triangles) wave fields. The wavelength of the
dominant wave system observed on 14 March was the to
longest during the three-day period. On both 14 and 16 -a100
March, a clear separation in wavelength between the :
dominant and secondary wave systems was observed, the . "ydeman
secondary system having the shorter wavelength.

On 17 March, data from the wavelength (top) portion 200- • -

of Figure 2 to the west of 48°W, where the primary and
secondary wave systems were distinct (see Fig. 5), suggest
that the primary wave system had a slightly longer wave-
length. The tertiary wave system had the shortest wave-
length. To the east of 48"W on 17 March, the primary 400
and secondary wave systems and their Doppler-shifted
artifacts coalesced, and, therefore, the wavelength deter-
mination was not reliable. In that region, the dominant Figure (7. The times (circles) at -which the Quest (top) and the
wave system had the longer wavelength on the north- Tydeman (bottom) would have observed a particular wave sys-
northwest ground track, while the secondary system tern measured by the scn near the times indicated by the
wavelength was longer on the two west-southwest dashed vertical lines. Major vertical divisions are at 0000 UT on

lthe days in March indicated Radials extend from the circles
ground tracks. Thi. erroneous, abrupt interchange results to indicate the directions of propagation
from contamination by the Doppler-shifted artifacts.

COMPARING SPATIAL AND TEMPORAL angles at the two ship locations. But the analysis still
WAVE MEASUREMENTS gives a sense of the problem involved in comparing spa-

Figure 7 presents an analysis of the effect of trying tial and temporal measurements,
to compare the nearly simultaneous spatial measure- The dashed vertical lines in Figure 17 indicate the aver-
ments made by the airborne SCR with the in situ tem- age times of the SCR data acquisition intervals. which
poral measurements. The analysis, which used a log wave lasted for about one hour each day. The circles in Figure
number versus linear time format, assumes that each 7 show the times at which the Quest or the Tvdeman
wave component observed by the CR at any location on would observe a particular wave system measured by the
a given day was part of a spatially homogeneous wave scR. The radials extending from the circles indicate the
field that would be seen by the in situ sensors at both directions of propagation, but not the strengths of the
ship locations. This premise is not strictly correct, since systems. The time difference between each S( R measure-
Figure 6 indicates that the wave fields frequently diverged ment and the projected ship obseration was calculated
irom nearby source regions and propagated at different using the direction of propagaiion and the group ,eloC-
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ity. Figure 71 shovv.', that the 'scR observation-, ot thc kws-
propagartng systern on 14 Mlarch ~%wuld have beeni sptcad
out over about 13 hours ifl the in witu nicasuremncits
made by the Quest and the ITvdenan,
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FREDE RICK C. JACKSON

DIRECTI'ONAL SPECTRA FROM THE
RADAR OCEAN WAVE SPECTROMETER
DURING LEWEX

Directional wave-hetght spectra and mean surface rotughness (%Ind scctorl vkerc estitatcd bt usiuc
the airborne radar ocean wave spectrometer during the Labrador Sca L[\rcme \VWa.es FI\pcrncut on
14-18 March 1987. The spectral estimates compare well w\ith surface con1tour radar and hbu'. c•ithtales.
On all four days, the observed spectra exhibit a significaint Spatial evolution. s ,hich \001C be ueCd to infer
swell source regions.

INTRODUCTION
The N xsAx/Geddard Space Flight Center's radar ocean tlccti'.its data for 15' azimuth binS. - Stable, full-re,,o

wave spectrometer (R(N\Si is a 14-GHz noncoherent lution directional spectra %%ith 70 to 120 degrcc, i f
pulse-compression radar that has been used for seseral freedom per clementar. \%ae number and direct•onal
years to test the effectiveness of a potential satellite wave- bin are produced b\ the lolloss itr method: (I correct-
measuring system.' ' Usually the to'.s, is manually cy- ing fo- the point target rtsponse, (2) subtracting a fad-
cled between two modes, a spectrometer mode and an ing noise bacKground, (3) averaging the turri-by-iturn
altimeter mode. The measurement geometries for the two computed spectra for files consisting of some IS to 30
modes are shown in Figures 1 and 2, respectively. In the antenna rotations (3- to 5-min files), arid (4) a~craging
spectrometer mode, surface retlectivity variations as- azimuth looks 190' apart to produce fully svymmetrical
sociated with surface wave tilts in the plane of incidence wae number spectra. If P_,.(k. o) dcnolte the inca-
are sensed as a function of delay time or slant range sur.ld range retlectisity modulation-'ariance ,Ixctrum for
through a low-gain, 6-rpm conically scanning antenna a given 15' output azimuth bin. then the directional
that has a 10' elevation by 4* azimuth beamssidth and height-variance spectrum evaluated in that azimuth of
is boresighted to 16' incidence. The slant-range resolu- look is determined according to the linear tilt model as
tion is about 2 m, and the nominal surface-range reso-
lution is about 8 m around 130 incidence, the nominal oA, 0) - lk(o]I R, P A, o) tI)
angle of peak power return. At a nominal airLraft alti-
tude of 6 to 7 km, the antenna footprint on the surface where F is in units of m 1/rad, o is the azimuth angle.
measures about I km in range and 500 m in azimuth. and (v is the sensitivity coefficient given by
Thus at any instant the area illuminated by the (com-
pressed) pulse is a strip measuring some 8 m in range •(t') 27( \ 2 Lr L )(cot 0 -- (3 (In a'o) a0):h . (2)
and 500 m in azimuth. Electromagnetic wave and ocean
Fourier wave component phase-front matching across where L, is the azimuth footprint dimension (1-sigma
the azimuthal extent ot the illumination pattern provides value), o' is the mean surface cross section, and 0 - 13Y
the directional selectivity. A 3-dB angular spectral reso- is the nominal incidence angle for peak power return.
lution varying between about 300 for a 300-m water wave which is determined by the antenna gain pattern and the
and 17" for the shortest waves measured (24 m) is deter- cross-section variation near nadir, In the quasi-specular
mined by the combination of finite footprint extent, backscatter regime near nadir, the surface cross section
wave-front curvature, and a 15' antenna movement dur- is proportional to the effective Ku-band slope probabilitý
ing the 0.4-s pulse integration time. Corrections for wave- density function (pdf), and the cross-section roll-off in
front curvature in the elevation plane are performed in the case of an isotropic, Gaussian slope pdf becomes
the conversion from signal delay time to surface range, a (In &")!ah = - tan 01's , where s is the mean square
so the wave number resolution is determined solely by slope i\ts) parameter. In the following, spectra are shown
the finite, approximately 1200-m range extent of the an- assuming a unit, isotropic (Y ý. I m '. In general. cross-
tvmna footprint. ..

During the Labrador Sea Extreme Waves Experiment "tlor -n -•rt---j-ue pui" rettitt data it nph,•shed hN di,, wit
ItEwEX), square-law-detected pulse-return data were tile reurn bN estimates ot ile a~erakie p¾cr proti To

recorded at 6-bit resolution, and spectra were computed 1he product f antenna p15'aWTn acnod inCt: t, n .ataqton t. o•,Gi.',. .ottptitdtot (or eah I5° sect:or according Ito a1 teaq',-•qulres culbic
off-line by one-dimensional fast Fourier transfoi ms of ,pline atgorirhni hemen 51"o ihrehold point, Data ,.o noTitlaivednormalized,* motion-corrected, rewindowed power re- containl irtualty no lo\N fiequcnuc• (near ix ) PO'CrI
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i Figure 2. Measurement geometry of RowS in the altimeter
mode A. Elevation view; , is the nominal incidence angle for
peak power return. B. Schematic of altimeter waveform. S is

I Ithe mean square of the slope,. U is the wind speed. and H is
,,4Azim uth the significant wave height.

II "1 _

1200 m flight day, when the SCR was not operated, the P-3
Figure 1. Measurement geometry of ROWS in the spectrome- descended to the S(R operating altitude after flying over
ter mode. A. Elevation view. B. Plan view. V is the P-3's mean HNLMS Tydeman at 45°W. On the last day, 18 March.
velocity and cr12 is the slant-range resolution. transit home was initiated from the Ty'deman, preclud-

ing the collection of data from the SCR.
Table I summarizes the ROwS altimeter mode and

rotating-antenna spectrometer mode data for i F\Fx.
wind to along-wind Mss component ratios seldom are less Figure 3 shows selected Ro\\s directional spectra for
than 0.8, and so the assumption of an isotropic at in- each of the four flight days. Each spectrum is computed
volves, at most, an error of 25%, or about I dB in the assuming a unit isotropic a = I m ' according to
relative weighting of spectral components lying 90* to Equation 1; the contouring for all spectra except the
each other. rightmost in Figure 3A is in eight l-dB steps down from

A measured MSS from the ROWS altimeter mode often the peak value. The data presentation is thus in identical
is used to compute an equivalent isotropic Or (see Fig. units and directly comparable to the S'R data presented
2). Average power data from the ROWS spectrometer by Walsh (Figs. 3-5) elsewhere in this volume. As an
mode also are used to derive an mss value; however, indication of the excellent agreement between the ROVLS
these data usually are used only to establish the principal and SCR spectra, colored overlays of some correspond-
component ratio and the major axis direction. ing SCR spectral estimates are shown on Figure 3.

The quality of the ROWS data was generally good dur-
LEWEX DATA ing I Ewr.x. An error in the ROWS software for the azi-

The flight profile of the NASA P-3, which carried both muth reckoning was discovered and corrected. The
the ROWS and the surface contour radar CSCR) during tiwtvx mission data are thus more reliable directionally
LEWEX, involved ascending to a nominal ROWS operat- than data from any previous mission. The RONS suffered
ing altitude of 6200 to 6400 m and flying along the 50th from several of the usual problems associated with an
parallel between 50'W and 45"W. Except on the last old data acquisition system. Blank pulse records, which
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Table 1. Summary of Rows data. Shaded rows have corresponding spectra shown in Figure 3

'Tape/ Woit %II Noise
Flight file At I H, H, UIA flot)

no. no. Mode (mn) %l (1 1 t) (in) (111 s, rdjtt (on ltclilt

1 2-2 ROT 9.17 0.0271 6.46 3.61 -.-- . I M

(14 Mar) 3/1 ALT - 0.0271 - -- 5.57 5.86 -

3/2 ROT 8.94 0.0271 6.44 3.53 -- - 0.89 (over the Quest)

313 A IT - 0.0260 --. - 4.96 5.40 -

3/4 ROT 10,58 0,0260 6,87 4.04 - -- 1.03

3/5 ALT - 0.0267 - - 3,75 5.71 -

4/1 ROT 8.92 0.0267 6.54 3.49 - - 1,03 (oser the 7Vdeman)

2 1/4 ALT - 0.0395 - - 3,93 11.04 --

(16 Mar) I/5 ROT 9.16 0.0395 3.58 4.84 -. ... 1.30

2/1 ROT 8,66 0.0416 3.31 4.76 - - 1.34

>2 ALT - 0.0416 - - 3.95 11.92 -

213 ROT 9.27 0.0399 3.51 4.95 -- - 1.43

2/4 ALT - 0.0399 - - 3.00 11,22 -

3/1 ROT 8.01 0.0376 3.83 4.10 - - L.28 (over the Quest)

3/2 ALT - 0.0376 - - 3.43 1025 -

3/3 ROT 7.57 0.0376 3.82 3.87 - - 1.23

4/1 ALT - 0.0341 - - 3.61 8.77

4/2 ROT 5.79 0.0341 4.42 2.75 - -- 0.81

4/3 ROT 6.19 0.0319 4.89 2.80 - - 1.06

4/4 ALT - 0,0319 - - 2.44 7.88 -

5/2 ROT 8.70 0.0319 4.89 3.93 - - 1.54 (over the Tvdeman)

8/1 ALT - 0.0431 - - 5.98 12.74 - P-3 turning

8/2 ROT 6.80 0.0431 3.33 3.73 - - 0.72

8/3 ALT - 0.0457 - - 6.45 13.61 -- Going into ice

8/4 ROT 10.36 0.0457 3.07 5.91 - - 1.20

3 1/2 AILT - 0.0399 - - 5.18 11.21 -

(17 Mar) 1/3 ROT 10.42 0.0399 3.64 5.47 - - 1.12

1/4 ALT - 0.0392 - - 6.42 10.91 -

1/5 ROT 10.11 0.0392 3.72 5.24 - - 1.05

2/1 ALT - 0.0362 - - 5,86 9.68 --

2/2 ROT 10.17 0.0362 4.13 5.00 - - 1.25

2/3 ALT - 0.0343 - - 5.05 8.87 -

2/4 ROT 8.77 0.0343 4.47 4.15 - - 1.07 (over the Quest)

3/1 ROT 9.40 0.0266 6.60 3.66 - - 1.17

3/2 ALT - 0.0266 - - 4.53 5.68 -

3/3 ROT 9.40 0.0257 6.98 3.56 - - 1,32
3/4 ALT - 0.0257 -- - 5,29 5.28 -

411 ROT 9.96 0.0305 5.28 4.33 - - 1.47 (over the Tydernart

4/2 ALT - 0.0305 - - 5.19 7.29 -

7/1 ALT - 0,0444 - - 4.97 13.10 -

7/2 ROT 8.42 0.0444 2.97 4.89 - -. 0,99

4 2/1 ROT 7.68 0.0294 5.51 3.27 - - 1.04 (over the Quest)

(18 Mar) 2/2 ALT - 0,0294 - - 3,98 6.85 -

2/3 ROT 8.25 0.0282 5.89 3.40 - - 1.04

2/4 ALT - 0.0282 - - 5.51 6.34 -

3/1 ROT 8.75 0.0289 5.67 3.68 - - 1.10 (over the Tydeman)

3/2 ALT - 0.0289 - - 6.57 6.61 - P-3 turning

3/3 ROT 8.54 0.0289 5.67 3,59 -- 1.00

4/2 ROT 7.72 0.0284 5.56 3.27 - - 0.98

4/3 ROT 6.83 0.0284 5.58 2.89 - - 0.98

4/4 ALT - 0.0284 - - 3.63 6.41 -

Note: Roi t rotating-antenna spectrometer III,,.u. ,;c,. - altimeter mode; 1, : H., for unit (i, Y I in . 'wnsiuTw ocff

cient defined by Equation I; and UN ... t10-m height wind speeds, as dcfned by Equation 5.
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Figre 3. (continued).

noise floor ratio, which gives the ratio of the observed be adduced from the data of Figure 4, which show the
minimum in the directionally integrated spectral inten- noise floor ratio R,. plotted as a function of the ob-
sity to the value of the computed noise floor,' served minimum in the peak return power over all an-tenna rotations for each rotating-antenna tile in Table

P,,= -,21r KPN,,) ' , (3) 1. The di,;tribution of R, follows roughly a log normal
distribution. Values of R, = 1.0 result from minimumwhere the 1-sigma value of K,, = 0.21 rad/m corre- observed peak powers of 2 to 3 units out of a maximum

,ponds to a 8.1--m surface range resolution, and N, is of 63 units. Lower values of R, approaching a posdiblc
the number of independent (nonblank) pulses entering limit around 0.6 indicate that the actual noisc tlocr may
into the pulse integration for any 15° azimuth bin (max lie below the nominal computed value; however, to com-
N, = 42). That the variation of the noise floor ratio pare with the original training data set,' we " cicct
in Table I is indeed related to quantization noise can for the moment any data for which R, departs by
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Table 2. Analvsis of aerai e powe, iaf T hr;T 'tla!;, fuft, !

ter mode of Hove, tor 14 Marfch

1ý !41 P,(Rz 0 65 + 0 80 e 50 ilog Wý i F'light

tatp Niajot ams, %lean ,quaie \linlw il-Aol

tile no. ditction ('I ) slope ,W\ a llo at

122 3 ts1o') o.(44 0 _8

Computed 2 Mo. ii 's 08
11•e- ~:t ,4 -- 0.034 0,0 ,•

noise floor
1 • (Rayleigh model) 4 I 0, ( 1 9t0') 0J.12

M 08 eter modes, but we note tlhat, curiousl\, the alltimeter

Actual \ mode \l,,s s alues in Table I do not sho\, the same ý aria-

noise floor5  bility as the spectrome!er mode v,,, salues it, [able 2.
"_--Figure 5 shows the ra. characterititcs on a gnonlic

06 I projection, in which great -circle routes map into straight
1164 2 3 4 5 10.64 20 lines, for the modes of the principal s\Ntems obser\ed

in the 28 files of ko\%s spectrometer mode data o\er the
Minimum average peak power, WMu four flight days. Regions of com eryence of the charac-

Figure 4. Ratio of measured to computed background noise teristics indicatise of wave generation regions are seen
levels versus the observed minimum in the peak power return on all four days.
over all antenna rotations for all LEWEX fites.

DISCUSSION

Comparison of the RoWS spectra in Figures 3A to YC
more than ± 100% from unity. For the several files satis- with scr spectra for 14, 16, and 17 March (from the ar-
fying this criterion, the significant wave height H, com- ticle by Walsh elsewhere in this volume) sho%,s quite
puted according to good agreement, particularly foi those files near the

flA\ Tvdletran where the time difference between Ro%%,s and
H, = 4 F(k, 6) dk do (4) s.R data takes was no more than 25 min. Modal direc-

hi ,, I' tions and wave numbers as measured bv the RoW's and
where the Nyquist wave number, K,. = 27r/(24 m), SCR differ by no more than a few% degrees and a few per-
agrees well with buoy-observed H, at the Tydeman and cent. Generally good agreement was seen between the
the Quest. The wave height inferred from the leading RONSS spectra and Wavescan spectra at the Tvdeman as
edge of the altimeter mode return shown in Table I often well. The spatial evolution of the bimodal spectrum on
disagrees significantly from adjacent rotating-antenna 14 March is seen to be quite similar in both Ro'•,s and
spectrometer mode files; this may be caused by an er- ,(-r data. At the Tydem an, the spectral peak of the
ratic triggering of the digitizer. The equivalent neutral northward-traveling swell system (with the generating re-
stability, 10-m height wind speeds Un,, (in m/s) shown gion to the southeast, according to Figure 5A) is about
in Table I were derived from the altimeter-mode wave- 6 dB above the peak of the more locally generated west-
form trailing-edge iiss data, s , according to the ward-traveling system, in agreement with the 14 R data.
algorithm' By 50'W, the situation is reversed, with the peak of the

westward-traveling system being some 3 to 4 dB above
= 455 s- - 7.27 . (5) the northward-traveling system, as compared with a simi-

lar difference of some 2 dB in the westernmost ( R
All wind speeds except those for 14 March 1987 corn- spectrum.

pare favorably with ship and buoy data; on 14 March This spatial evolution is fairly well mirrored in the tem-
the wind speeds appear to be too low. Because only the poral evolution recorded by the Wavescan buoy (cf.,
seas for 14 March exhibit significant bimodality, we ana- Gerling, Fig. 4C, this volume). We should note that, as
lyzed the average power data (by a Gaussian specular mentioned above, use of an anisotropic r, amounts to
point model fit) from the spectrometer mode on this day no more than a I-dB difference in wveighting bet\%een
to assess the effect of slope distribution anisotropy on systems running at 90' to each other. For this small dif-
the measured spectra. The results are summarized in Ta- ference one cannot really judge by differences in peak
ble 2. The data are consistent with a 180" wind shift be- values, say between the RoSS s and the s( R modes, be-
tween 50'W and 45'W and isotropic total roughness cause the different system resolution can affect the inca-
conditions between the Quest and the Tydeman, where sured peak values. To really test the RHli\s linear
the mss is a minimum. Not only is there a bias between response model of Equations I and 2, one should comn-
the viss values inferred from the altimeter and spectrom- pare the variances in the different modes rather than the
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peak values, using the dissection method of Gerling (this Tvdenian appear as a single northward- or southvward-
volume), for example. Nevertheless, a qualitative corn- traveling system in the symmetrical kovs spectra in Fig-
parison had by overlaying ROWS and SCR spectra shows ure 3C. Overlaying the RoWvS file 4/1 spectrum at the
remarkably good agreement between these two very dif- Tydeman with the corresponding (rightmost) S( R ,pCc-
ferent remote sensing systems. A comparison of ROWS, trum in Figure 5 from the article by Walsh elsewhere
SCR, and SAR (synthetic aperture radar) spectra for 14 in this volume produces excellent agreement for the
March is illustrated in Figure 4 of Tilley (this volume), north-directed ,CR lobe; however, at the Quest the
Tilley shows good agreement among all three sensing sys- southward-traveling s( R spectral lobe is found to match
tems when the SAR is employed in a low range-to-ye- the ROWS file 3/1 spectrum. From the spatial esolution
locity geometry. of the ROW S spectra it would appear that the dominant

On 16 March at about 1800 UT, the spatially evolving system is south-traveling, having originated around
ROWS spectra (cf. Figure 3B) indicate that the dominant 55'N, 46'W (Fig. 5C).
swell system originates to the north somewhere between On 18 March, the spatial e\olution of the Ro\,, spec-
55"N and 63'N (cf. Figure 5B). Comparison of tape'file tra in Figure 3D indicates unambiguously that the 2(X)-n-
5/2 over the Tydeman with the SCR file over the Tyde- plus wavelength swell system has its origin to the south-
man and with Wavescan data shows excellent agreement west (Fig. 5D). This is consi.,tent with Wavescan data
among all three instruments, except that the Wavescan at the Tvdetnn.
spectrum appears to be rotated counterclockwise by
about 15' with respect to the ROWs and SCR spectra (see REFRENCLS
Esteva, Fig. 3, this volume). In addition to the main
southward-traveling swell, one sees the WNW-traveling ,aAk.n- t V .ah,in. I N. , and KikeT. -' t " \1,iraijnd \'iclhic Mlca

component in the symmetrical ROWS spectrum as an ex- idternm o (n piiv'.Direction s$' I 4 1955i
Ratdar',." J G:vorphv', Re's 90, 9S-14" fn l (19S45f

trusion of the main system extending toward the 200-m F , .. Wk,,jt,. \ t. ,,and Pl.,,g. C. I I ,m,•p.',,"!m ,,•1
wave number ring and 270* azimuth. and Airtiornc Rarku Mleaurcieiii it (Oca•i \V ii•c < •rolml,.i \.il ' I iq',ih

On 17 March, the opposing wave systems at nearly I Fh, Raa. 0(%i5 hitS it,)55ilIiska,,r, t- ( . t'he Raditr 4• a ) ",,5 \ a ii\c i-, ii,•wc~c ii \tca-i lieg kC,•ii

the identical frequency seen in the Wavescan spectra at , fron Sm sace. ,Snh U'Ait,o,• I'l 1",h 1)iec',i all i, If,I-- ;19-
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R. KEITrH R:\NI. and PARIS \\k % X( H{)N

SAR IMAGING OF OCEAN WAVES:

SOME OBSERVATION'S FROM LIMEX/LEWEX '87
We exaImi i ssn I i-tt aperture radar 0, \K) per-tormnane1 for kibset ~ation oi kvcean was es ()Iut esI Ct

are based onl analysis, of airborne .\ data collected duriine ' ft: I Jbi adoi 'sca 1,c Mar eii l-spcrm~ictit
and Elhe Labrador Sea Extremie Waise' Fxperitnent. and on theoreti:al ptedictio;il. I tic da~i.1'l se"1ii. de
both open-water Nawaes. and svae-s mioving under at lloat:ing 1.'fic eld.

I NTROD~ucTION
'The use of synthetic aperTure radar (,, \k linmaiing ' - A Ki I a 'I fanve DNJlcupe i '~ tes imi

reins for quantitatixe obsers ations of ocean m.,ocN de- %:I %ercll to! Ic-irc.Iial ~tee that' are inoi ar--!.

pends on two principal considerat ions: first. 'hc radio- In nilorion filhe ds narna o" Iti he can1" tafo: we ý
metric response of the instrument to the scene ismh an esci' co111111ate the ui irig ploper1c 0- ! t a'Aflk '011
objective to estimate sea surface roughness and esentual sldcrabls loritruarchtl kcall 1riros enrent is nc:crailk
Iv \&ase height and, second, gcometric tidclits tin the sr h\ktemedb rclatls scatteelc tihefha remc
image so that w-aw e directional ,pectra curt be obtained, smaller r han t hat o! the radar platforrm. so Oie csitrg
Both of' these aspects of' ;;,\ imaging in the ocean ~oni im1ave Trnaw be seeni it a degraded seCr sIol or ' hat .sonuld
text are under acti,,e inses.tigation. Using analssis togcth- bV obtained under Ideal static scene wdltrui)1 Model
er with SAxt dta gathered during the Labrador Sea Ice [fg. and underst'anding. the subttleties' or ý-Ixk 0kcAn IMnag
Margin Exper-ir ient (t su)and Labrador Sea [x\trenic inv IN anl actlxe area 41, reach'.1J I hic obJect i: of thi'
W'aves Experiment (uxr)1987 programs, progressý has research I, to qklantlt\ the s'a\ inI %hlch the prncipal
been made in both areas. This paper sumnmarizes %omie .,urfacc motions influenwce \R imiage formation
key aspects of the problems associated m-ith using. I\ .1 \o classes oit ocan dsnarmmc ned it, he considered.
imaging to characterize ocean waves, coherent and noncohcreri. Coherent motionl arc i hose,

As,xyR is an elegant imagrj ssevn hc xess that impact the relative phase of the ,/catterer ivs obser'.Lit
processing of the signal received by the radar is used to b\ the radar, either through a change fin the phasec of
achieve very fine aziimuth (along track) resolution with- the scattering element itself. or through aI change in hc
out the necessity for a correspondingly large antenna Po~ppler modulation causedJ b, scatterer nimnisemnt Sc
aperture. For real-aperture, side-looking radars, the a,(- tering elements consist of groups, oh ser l sall vAii-s"
imuth resolution is determined by an antenna which pro- on the surface ,)rose spatial s,.ale isý on the order of the
duces a diffraction-limited beam. For such an antenna radar illumination ssaselength, typically a fews wcritinie
of length D using radar wavelength X. the ammuth resO- te-s. Theseý \Aaselets hase %cry smiall inrrtrinsc seClconcit
lution is approximately RVýD at distance R along the but ire adsiected appreciabl, bv the orbital motions (it
radar line-of-sight, the slant range. Considering the air- passing longer stases. Furthermore. .,.asc-\Aas intcraý-
borne case, for azimuth resolutions on thle order of tions (hydrodyn'Iamic modulation) mia\ nrodifw the en-
meters to be achieved at ranges of several kilometers. semble of wavelets within the scattering element, thuN
a real aperture radar would require an antenna hundreds, changing the phase of the returned signal. The Imposed
of meters long. Clearly, this is not practical. For a 5-SR, orbital welociti, reflects- the large-scale orgafzat ion of
however, the best azimuth resolution is simply one-half the wase field. It leads, to s\stematic shiftsý of scatterng
of the aperture length itself, or D12. The technique is element, mwithin the image and thus, an expression of the
well suited to systems carried on aircraft and also c\- longer wa-se in a pi -'ces;. termed 'selouty hunching.*'
tends to spacecraft systems. This is in general a nonlinear procoos and leads to im-

Fine azimuth resolution using a 'S.- depends on pro- portant considerations in the image modeling problem,
cessing a sequence of radar observations of the scene Ensembles Of Orbital velocities ;ogether w-ith scatterer
reflectivity. For such processing, each scatterer must phase changes lead to degradation of the time ow et w hich
maintain a constant relative phase at thle radar wave- the signal can be coherently integrated in the processor1.
length, and the relative motion between the scene and This constraint reduces; the ability, of the image to sripporl
the sensor must be determined by the motion of the ten- along-track (auim16i) wase directional spectral analysýis.
sor. Under these conditions., each scattering element in 'Noncoherent motions are those that impact image fi-
the scene is coded by a known frequency shift, the Dopp- delity through means Other than phase modulation, T-he
ler effect. (Processing over the Doppler spectrum of the most important of these is the gross movement of the
radar signal is analogous to the way in which a lens fo- wave field during the time Of ',.\R observation. It hasý
cuses an optical signal.) been shown that the ssase phase %elocrt, ik stgnificanr
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wvhen Compared with the sek\'it ot' most arth irnt fa IM \ý it I- I) 1L I I IY
darN. Resulting effects are both beneficial mod tetriruict- VOs C fi ilic muh hfs lc &'oje pl 41 'I1 'A
tal. Phase velocity is helptul since It allowýs dctclillli5Iti CX1. Cilesktidi. i sn
of the actual direction of wsave tnosettielt Ill IIII:Agu 5poA spo([s "t:o ait..t I I no,. , 1ki C .IfI I C 1 Wd ,ý1: 41, 1 LJC t WO 'I~

tral analysis, rather than the cowsentionallN obtamiid re 0 -11 I.I
suit having a 180' dircctional ambiguirs It Iis not helpful )l c par!aniac llon odh d t 'lc...t

in the sense that it has con1fused Past at01Itempt to unId~r ( ollIidc (thc C:AN 0 kA iC'i r. m C-~icti ,inl i&. Ot Inx1.

"ltand the ,.-\k ss ave imaging process. particuLlkkat ýl Vl Is cs ittie Hi I,:% lwc ad ti ý J. fal l lIl,
respect to the image focus. (T'hese issue', are discussed *ilt'if the lonvcr "siee h u hra-oci.1
further in later sections of this article and tin Retý .) hkrier than the aiciagc itce. 1tv ,i/c .1ic pesd (,)tot

When a s.,\ images openi-ocean %kases, all of the dý btI! ist,) st(ld '%I rc1 fpinC lo [tic loiscirgls s
namic effects are present simultaneously. %sshich coniph- kt 1. )ac'st %Saso Ius pe fillatný !1'Ifiig IXu pI)X
Cates the task- of comparing theory ss th obser Ation. sitI, all ideal NittIdtot.10fl tfI hs .JWe, 5l)i~hnh
L.%tsw. arid i~t. conducted in Mlarch 19871 offered i h omnitanuh~eian osl~i'n1i
the opportunity of using airborne s~xk to imtage knoss t derstanduing thle inliport-ans of sariUS 1111,01y !tlo~to
surface gravity wases in both the open ocean and fvnc- through obsersatilovil ~A -s.cs Inl I~- I, thc sih ot 0
trating into floating ice.- The presence of floatin-g iýc onon ýok
suppresses part of the surface dynamics, thus pros iding
unique experimental conditions for obsersing arid logi- Coherent limne lDcpendence
cally separating key parametric aspects of the ,,,k imnag- VCloCIt', bUnching p13s at (major ro:ll i thle sIK 111

ing process. ag~e formation procs:s% tot a ssasec tkith all ajimurlhal
%%zt lnitictbe compllonent , Most aflal\ %es o! e locit'

RADIOMETRIC RESPONSE bunching are cspresed fin terms, ot the range c lci

A correctly implemented and calibrated ,-\it should ratio, Although sei~bunching alises tfrom the co
behave as an "imaging seatterometer.'' The SA NS10 s'te herent properties if [the 1)opplcr domain,. it is a purel\
includes the actual image processor and image spectral sgewnt,rwrc effect in the: ense that it is not propwortional
analysis procedures. To reduce the multiplicative nos to (the -,i\ coherent integration time. Wec picefe to c\,
known as speckle (which arises in any coherent imiaging flies such c .otiNtrniciaeporteinttis0th
system), several statistically independent subinmages. i sei oitn

called looks, are normally formed and added. To pre-
serse estimate's of mean ocean reflectivity that can be T,,
calibrated, the s.,R system should be implemented in an
energy-conserving mode."~ In this approach, indixidual
looks are subjected to magnitude-squared detection be- %shere It is the sensor altitude abose naoir. anid I is the
fore summation to form the multilook image. One Spec- componment ot the platformn \elocity parallel to the
tral analysis approach for such a s.ý processor is (the Earth*% surface.
magnitude of the ssiA image Fourier transform.* The Variations in selocit\ butmchineg Occur as. a function
mean reflectivity is then equal to the "tx digital num- of the local incidenceanlad fcAeasctng.

bcr-in te Forie trasfor domin.The first-order form kcr \elcocits-hunchiig. mapping isThe proposed processing combination preserves the gie yEuto nVcone L(h.slmVTa
mean scene reflectivity through to the spectral domain. n bEqainInVchntaLti \lm)

Normliztionof he pectum y th txdigtal umbr epre~ssion shows that, when velocii% bunching hasa role
Normliztio ofthespetru by he x- igial urnner in the image formation process, ith.e effectiie c cattererquantitatively expresses the relative image contrast in the density is a function of certain geomeitrically dependent

directional spectral domain as a function of (vector) wave
number. In this way, radar radiometric response is re- fctronytl, htiiguatiscurteime
tained in the wave spectral measure. is dominated by the sum of -svase-amphit ude-dependent

It remains to relate the reflectivity variance to useful terms. This represents a (highly) nonlinear mapping
geophysical properties such as ocean wave height. Suich
a relationship rcquires understanding and modeling of
the factors that govern wave reflectivity: hydrodynamic Table 1. SAP/wave performance ,arameters
modulation, tilt modulation, velocity bunching, and co-
herence time limitations. Such a relationship has not yet ssit dwell constant To =h/1 seconds,
been robustly demonstrated. One-loolk integration timne T, = RX/121 V' seconds,

Integration time constant Tp R, I seconds

'The Fourier transform magnitude (not squaretll is proposed fo ifi Coherence timne -, =\12 .ff, seconds.
image specirat analysis, Many convcnitionat S \i processors sum the Exposure ltime T, 7', sin 3) seconds
square root of !he took-image poý%ers, %xhile some consentionat spec-
tral anatyses use the square of the Fourier transform magnitude. Some Relatise phasec selocir> A", C, 1 V co.. e
combinations may not be energy consersing. The propo~sed deiection Scale perturbation S (I -C

combination, however, may hase a detrimental effect on ihe spectral oenefatrI'I-iUi)
peak -to-background ratio. 7hrnefcoI-,+71
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transformation. The resulting image depleinds on the in- An cpc iti•tict •iould bc sIcdit) to take ad,. 4tagvX

terplay between wave height, wave numbtr, wave direc- of certaim geometric ptmpe|ries kt 'f.ehsitxk bull.hmiUli fi
tion, SAR viewing geometry, and sensor flight direction, gathering ',a'e data tot the j• ra.Itft ' ecltk>t: l t'ýoth 1he

We were able to investigate several difterent corn- "Mat.c direction as the ýaoc '.elocr,) and oplpo'd to ,t,
binations of these parameters using SxA data from t [I the image re-,ponscs ,.ould be .ompalcd, anid the .UhtAin,
tUX tI\l: X. :ontribution ot the nonlinca: 'ecrtt-but.hmn! .kvtnlxt-

The single-look SAR coherent integration ttle ik nient estimated. Iniagc contfast icsuhnitg it" other
ett'htaitisti, would constilutc the rentlaindel I he ap-

R, proach should be qualified vith '. ies-i-r.e data, then
i = , ' (2) applied to the opcfl-,satcr &,e, 1lhe first otder elttectsshould not depend on :oherence rime limnitatons.

where X is the radar wavelength, p, is the single look Noncoherent ]im' Dependence
resolution, and R is the scene slant range. Note that the thc '.a'.e phase ,,eil, t'Is, of Ilndanllntll At|'rorlance

integration time is proportional to ill the s-sM \ ase-anaging problem I the pincpal .oi
sequences of the %kae phase .eloctti are all along-track

R scale (scannig) distortion and a misregistratton betv'.see
TM < X3) successie looks leading to a dtcvicase in Aac contrast.

V Ihe look misregistration has, benefits: it leads to 'spec-
tral-sum'" processing and the opportunitN to remove the

which denotes the radar integration time constant. In directional ambiguit\. We no\w have expx'rimental results
contrast with the SAR dwell time constant, this time con- from t isit \ I IýN I \ data that support each of these Is-
stant is appropriate for system considerations that are sues and are consistent w.ith earlier predictions.
time dependent in proportion to radar slant range. Scale Distortion. ('onsider a s'a% c field mo\ ing at

For example, a scene coherence time r that is less than phase speed C,, and in the direction o relatixe to the
T1 results in reduced azimuth wave response.' This has along-track vector of an observing scanning scnsor mo% -
been characterized by Monaldo and Lyzenga' as an ing " ith speed [. The resulting image w•ill hase a scale
"azimuth cutoff," which is expressed in terms of the error along track gisen b\
RI V ratio. If the minimum detectable ocean wavelength
is taken as two azimuth resolution cells, Monaldo and
Lyzenga's minimum wavelength expression may be used 6= 1 - ()to find '"c(s - iS.(6

X "The effect is significant for most aircraft-imaging geom-
r .. (s) (4) etries but is negligible for most satellite-imaging situa-

2 XH• tions.
The scale distortion of Equation 6 may be uniquely

where H, is the significant wave height. compensated in the tw.o-dimensional ,,ae number do-
At this stage, the distinction between the dwell con- main. This compensation, in conjunction with two op-

stant and the integration constant may appear to be friv- posing passes of SAR imagery, may be used to resolve
olous. We wish to emphasize, however, that they play wave propagation direction. Such an approach is curm-
different roles in the SAR wave-imaging problem. Mea- bersome, however, and may be used only to the extent
surements using t~iSiEX waves-in-ice data3 show that the ocean waves being observed are uncomplicated, and
wave-image contrast increases with increasing incidence if the two SAR passes exist. This technique is demonstrat-
angle, consistent with velocity-bunching predictions in ed in Figure I. An alternate method is discussed in a
the absence of coherence time limitations. When coher- later section ("Removal of Directional Ambiguity").
ence time is included in the model,' an additional Spectral-Suin Processing. An important corollary of
coherence factor of scale distortion is that the scene reflectivity pattern moves

I during SAR observation. For a SAR. the data required to
(5) form the total multilook image may be gathered over

N;1 + (T 1 /r)` an interval TN of several seconds from each spatial po-
sition in the scene. We introduce the total exposure time

must enter the formulation. This effect has been mod- T,ý as the product of the integration time constant TR
eled as an azimuth-oriented, low-pass-filtering operation and the angular extent sin(o3) over which the sA beam(s)
on the image spectrum, with the cutoff wavelength de- gather data for the image looks. For a moving scene,
fined by the coherence factor given in Equation 5. This individual images of that scene taken at different times
model fails, however, in the face of a velocity-bunching will appear in different locations. Conventional s.stR pro-
imaging mechanism. Nonlinearities cause the generation cessing, which combines looks as if the scene were mo-
of false spectral modes, often characterized by very long tionless, leads to motion blur in the composite image,
wavelengths. 5 These modes would not be removed by which s,_',sequent processing cannot correct. For such
such a low-pass-filter cohereace time model. processing, the severity of the blur is proportional to
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NFigure 2. Flow diagrams compa'ring took-sum and spectral-
V Sum processing procedures SO represents the amplitude-

mapped look-sum spectrum. SSS represents the amplitude-
,. / /mapped spectral-sum spectrum, S, represents the amplitude.

k**-j-, .;mapped spectra of the individual looks, ý, is the individual look
"mean powers, F T. represents Fourier transtorm followed by

V amplitude detection, and .1 is the summation operation Note
that the DC value is equal to the image mean in each case. per-

-------- 'mitting quantitative comparison of the two approaches

Figu 1. Demonstration of the use of scanning distortion cor-
rection to resolve wave propagation direction in SAR data. The
data were from opposing LEWEX flight lines, 19 March 1987. The
aircraft velocity vector is indicated by the corresponding colors. flow charts contrasting look-sum and spectral-sum pro-
The artifact spectral lobe has diverged. The plot is linear in wave cessing.
number, with the circle at 2r1100 rad/m. Spectral-sum processing has several important advan-

tages over conventional approaches for wave spectral
analysis. First, it is an energy conservative procedure.'
Second, by maintaining the static scene processor focus

Tv. As a result, directional spectra derived from such setting, our ability to observe the shorter wave scales is
an image show decreasing contrast with increasing range not compromised, as it would be if the processor focus
(all else equal). For some geometries, this blurring is an were perturbed to "match" a longer scale wave. Third,
additional cause of azimuth cutoff, although in this case the approach is impervious to noncoherent scene trans-
it results from noncoherent scene motion at the wave lation between looks. Look-image misregistrations be-
phase velocity. come phase terms in the transform domain that are re-

Some improvement in spectral contrast would result moved through the detection process. Fourth, spectral-
for a single wave mode if the processor focus were ad- sum processing works in the same manner when more
justed. That adjustment, however, leads to the "focus than one wave model is present in the scene. Finally,
paradox": SAR processor focus should not depend upon the compensation for noncoherent wave motion applies
noncoherent scene motion. The focus paradox is resolved for the vector direction of wave propagation and not
by noting that the relative position of look-image data simply the azimuth component of the imposed misregis-
is differentially shifted in the azimuth dimension at the tration. For these reasons we recommend the spectral-
same time that the processor focus is changed. For a sim- sum approach.
pie azimuthal wave field, the result in terms of apparent The improvement of the spectral-sum approach oser
wave image contrast is more satisfactory if the focus is the look-sum approach is easily demonstrated. We use
perturbed. In general, however, this is a false solution. an example of waves-in-ice data gathered during LMEX
We call the standard approach to spectra; calculations '87. Having formed the two different spectra from the
look-sum processing, since the looks are summed prior same data set, the ratio of look-sum to spectral-sum is
to Fourier transformation. taken. The result is shown in Figure 3. The unity value

Better results are obtained in the following way.', of the central (Dc) pixel value illustrates conservation of
Let each look have an integration time that is much energy for both methods. The spectral-sum method,
smaller than the wave period; let the processor have fo- however, always shows higher spectral values and hence
cus adjusted for a static scene; and let each individual better wave contrasts than does the look-sum approach.
look be imaged in the power domain, and then Fourier As a final note, consider a comparison between air-
transformed. Of course, the requirement for individual- borne-sAR-derived image spectra and spaceborne-sAR-
look data means a modified saR/processor combination, derived image spectra. In making such comparisons, the
or access to the unprocessed SAR signal record. The aircraft flight lines may be designed to minimize the
desired directional spectrum is then formed by adding
the magnitudes of the resulting individual spectra, an ap- tLook-sum processing is also energy conservative if the individual
proach we call spectral-sum processing. Figure 2 shows looks are summed in the image power domain as indicated in Figure 2.
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Figure 4. Ambiguous (A) and resolved (8) directional SAP in
age spectra for an example of waves-nif-ce data, 21 March 19:7
The ambiguous spectra were generated using the spectral-sum
procedure. The resolved spectra were generated using the
phase-weighting method The unambiguous spectra were de
rived using every c:her pair of seven looks dutitai , f ive pairs)
The data were processed such that the angular offset between
successive looks was •-I = 0.52' The subscenes were selected
with slant ranges such that .17 = 1.4 s for each pair of looks
used. The open-ocean dispersion relation was assumed The

Figure 3. Ratio of look-sum to spectral-sum spectra for an ex- scale is the same as in Figure 1

ample of UMEX waves-in-ice data, 21 March 1987. The central
(DC) value is unity (white); the grey levels are all (proportionate-
ly) less than unity. The scale is the same as in Figure 1.

quency bins. The method works well in principle but may
be limited in the SAR case because of smaller practical

ve a pri exposure times and a small number of individual looks.
velocity-bunching mapping nonlinearities if there is - (See Rosenthal and Ziemer, this volume.)
ori knowledge of the wave field to be imaged. The spec- An alternative wave-number-domain technique for re-
tral-sum approach should be used, at least for the air- solving the wave propagation direction uses a pair of suc-
borne data, to minimize noncoherent motion effects. In cessive look images, the (known) time step between the
addition, the role of the along-track wave-scaling term images, and the appropriate wave dispersion relation. -

in the velocity-bunching mapping must be appropriately The analysis proceeds by assuming that the look-number-
compensated in the airborne data to ensure a sensible dependent phase term is constant and known based on
comparison. These will be key issues considering vali- assumed knowledge of the wave dispersion relation. If
dation requirements for upcoming spaceborne SAR mis- the dispersion relation is known, the respective trans-
sions. forms from two successive look images may be combined

Removal of Directional Ambiguity. When a periodic in conjunction with a scanning distortion correction to
wave field is analyzed by Fourier transformation, both give a correctly resolved image spectrum. This approach
the negative and positive frequencies of the wave field has the additional advantage that high-order harmonics
lead to the well-known directional ambiguity. This am- and other spectral artifacts that do not obey the (as-
biguity may be removed by observing the direction of sumed) dispersion relation are obliterated. The main
motion of each wave component in the set of looks. This drawback, of course, is the requirement for the explicit
can be done explicitly through wave tracking or spatial use of the wave dispersion relation. Figure 4 presents
correlation methods, or implicitly through Fourier anal- the results of applying this technique to a I I'ix SAR
ysis, either with or without the use of assumed wave dis- data set.
persive properties.8 The individual-look processing es-
sentially results in a time sequence of N looks, each sepa- DISCUSSION
rated by a time step We can draw several conclusions from the t tSIEX

LEWEX experiments and the data they generated. The

AT = RAT (7) general preference for a small SAR dwell constant (Ref.
V 11) is supported. This preference should be qualified,

however, since a coherence time limitation and velocity-

where Ay is the angular separation between successive bunching, multimode imaging nonlinearities still exist.
look images. Such nonlinearities have been observed in airborne SAR

One technique to take advantage of this sequence and
resolve the propagation direction is to perform a full 'This technique has been used successfully in marine radar applica-

three-dimensional (two spatial and one temporal) Fou- tions.9 However, it seems to have been abandoned in that field since
highly suitable sampling for the three-dimensional spectral analysis tech-

rier transform over the look-image data set, followed nique is easily achieved with marine radar. (.See Ref. 10 and Ziemer,
by detection and integration over the unambiguous fre- this volume.)
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data sets, even with a small SA. dwell constant. There ,AR-deriIed occan s•;.c spe.tra and .v--itc lcasucd
would seem to be a trade-off between small T,, and T, wase ,pectra uing con\cnooinal rcilnlqucs.
constrained to be about the same size as, or slightly larger
than, T. Thus the coherence factor may be used to some RH I.RUNc. t(
positive degree to maintain system linearity when imag- . . . ,.. R;,. K .
ing ocean waves. ,a, - ,e C-, !?"III 'o V1,1! III

Wavelength dependence of T could be checked by us- R 12.4'% 1i,4•e, kI Ii . ,
ing a three-frequency airborne SAR. Care should be tak- •,iIW N.sk 1114490 CU 14 'kX sW. %.,.,-, I)',!' ý!,, H I\ `-Mc
en to treat each data set for optimal spectral contrast .11 R t tilt loari. (f.-U., 2& "'1i eV S',e2 fiSi,

using our spectral sum approach. Otherwise, the increas- • ,,. t-:. 2. . >1-

ing interlook translation of the waves with increasing ra- 1tH frun, C....... v,,, , C"1 \ % ,,, \ H. \,

dar wavelength (T, and T,) would confuse and bias t,,,(., 1,48,4)

the conclusions against longer radar wavelengths. /it I ,•,ti .le'r l~de ! Sý, ,• •, 4 N. ; ,-
When comparing airborne data sets to those obtained RJi', . R• K , C V. -.Ae ̀,dL I I 'A, , ,

or anticipated from spacecraft, the pertinent spatial and 1,, ,, Cmagi Nnh I, , " , .RS, C -
temporal sceie factors (Table 1) should be considered. \ ",, 1- \1 . a, • I, . C) K) ,, U,, .,,h,: •. \k•, c
In particulai, for typical aircraft speeds, the relative and [c,-,hl "Mt- ..ux , , R.\e 5K , , - I II 1,,M11 (.... ,...
phase velocit.y and the associated scale perturbation re- .R ,. .AK k pt - ,, , , , • 1o/

quire attention. For spacecraft velocities the effect is less Itur Ame,,. A Pn',,w A.,,Pi. . - -
pronounced, and for C-band orbital SARS, likely to be \'W,,J,(. P \\ý •,d Ran", k .. , K . , . , , (kw ,ir .

C),re.N qn in Sinvic KC'j %1rCN'rn.. S-\H C . 1  "'. AI(CRSS, VV
unimportant. ,.lr, (anada CO 9,

The once troublesome look misregistration may be '-ana,, %\\, Rowntha ,. and k ,ncn:. I "'

used to advantage to resolve the wave propagation direc- 1k',,111 %ka,, j C,w"im , Re,, 90(. It,1 16"- 010,g)

tion. This technique may potentially be applicable to ,ri,,I,.. RocIW.J , 6, . and , i- . 'I5 1h.cv 1,,nrn ,... ,
spacebome SAR systems, although it depends on suitable i,,s t tarn.. Radar Imagc,, for the D)o'rniat,n tit (Re.,n \\ a'.c D)r'I,_

Ah, aiid Sulria ( wrrcni., J (GrIohrs Re, 90(( CC, 114 CO'9 I'-•" )
SAR parameters such as beamwidth. As a minimum, it " Kal. R C.. - .Mitaa A C4OO ROMiV. `,s-ItH Ar.n"ýh to Monifor ( ,Canshould lead to a more informative comparison between w\ait, trrm Sp'a"¢.'- Johný tleion API A eN fob1 / Ith 1W W(5I' 4"S-

103



PARIS W. VACHON, A. S. (PAL) BHOGAL, and NEILSON (.. i-RL'_LM\AN

DIRECTIONAL SPECTRA FROM THE CCRS
C-BAND SAR DURING LEWEX

The Convair 580 aircraft of the Canada Centre for Remote Sensing collected C-band synhthlic aper-
ture radar imagery on five days during the Labrador Sea Extreme Waves Experiment. There is good
general qualitative agreement between the wave modes observed by the synthetic aperture radar and those
observed by other wave-measurement techniques. Some clearly anomalous synthetic aperture radar spec-
tral results are explained on the basis of velocity-bunching nonlinearities.

THE LEWEX SYNTHETIC APERTURE
RADAR PROGRAM

One component of the Labrador Sea Extreme Waves 19 March, when weather forced a flight delay of about
Experiment (LEWEX) was the measurement of ocean three hours.
waves by airborne synthetic aperture radar (SAR) to allow In this article, we consider the results of an image spec-
a detailed study of sAR ocean-wave imaging mechanisms tral analysis of the S..AR occan wave imager\ collected
and the subsequent extraction of useful wave informa- during tEwEx. We explicitly consider the entries in the
tion from the data. The advantages of airborne SAR are t .L\vt x composite-plot spectral intercomparison plots'
the opportunity for repeat pass coverage within a short (cf., Beal, Fig. 10, this volume) that are labeled s.si-
time and the flexibility of platform geometry. (CCR5s. These s.,\R image spectra, corrected for scanning

The Canada Centre for Remote Sensing (CCRS) Con- distortion, are the only entries in the tables that are not
vair 580 aircraft was involved in LEWEX in conjunction in terms of calibrated wave height. We chose not to ap-
with the concurrent Labrador Ice Margin Experiment ply a wave-height inversion algorithm (e.g., Ref. 6) to
(LIMEX). 1 2 The LEWEX SAR flights of the aircraft, with the data because the usefulness of such an inversion, in
its newly commissioned real-time processing C-band SAR the case of airborne SAR, has yet to be demonstrated.
system, 3 occurred on 13, 14, 17, 18, and 19 March, We feel that intersensor comparisons are favorable, at
during the principal LEWEX period in 1987, and also on least qualitatively, with respect to the SAR image spectra
25 March. (The data from the latter flight are discussed without the application of such algorithms. Also, existing
elsewhere4 and will not be considered further here.) inversion algorithms cannot account for obvious non-
Each flight consisted of multiple passes over the key linear effects in the image spectra, The results of apply-
LEWEX data collection sites, and, with the exception of ing one such inversion algorithm to the CCRS LEWEX SAR
the flight on 13 March, at least one ship was engaged data are considered elsewhere (see Hasselmann et al.,
in coincidental wave-measurement activities at the prin- this volume).
cipal sites that were overflown. On 14, 17, and 18 March, The spectral processing applied to the sr imagery at
nearly coincidental wave measurements were also made CCRS is outlined below. The contents of the composite
with the surface contour radar (see Walsh, this volume) spectral tables are reviewed on a case-by-case basis, in-
and the radar ocean-wave spectrometer (see Jackson, this dicating comparisons that are or are not favorable. Some
volume) on the NASA P-3 aircraft. clearly anomalous cases are considered from the perspec-

The Convair 580 flights, the areas overflown, and the tive of the nonlinear effects of mapping caused by ye-
key sAR parameters are summarized in Table 1. There locity-bunching mechanisms.
were two basic flight scenarios. On 13 and 19 March, OVERVIEW OF SPECTRAL PROCESSING
the Convair 580 departed the LtMEX/LEWEX operations
base in Gander, Newfoundland, and traveled to the mea- The principal steps for the production of the SAR imn-
surement site near 50*N, 47.5"W, where five passes with age spectra are summarized in Figure 1. All of the SAR
different platform geometries were flown over the site. data considered were processed by the real-time processor
On 14, 17, and 18 March, the Convair 580 departed (RTP) on board the aircraft and stored on high-density
Gander at low altitude, overflew the measurement sites digital tape. The RTP produces seven-look imagery, with
at 50*N, 47.5 0 W and 50*N, 45"W along an eastbound the looks summed in amplitude. The image data corre-
leg, climbed to a higher altitude, and overflew the same spond to pixel spacings of 3.89 m in azimuth and 4.00 m
two sites along a westbound leg. A third pass was also in slant range, with a resolution of about 6 in in each
made over the western site. The flying schedule was ar- dimension.
ranged such that the plane overflew the measurement The SAR image tapes were returned to CCRS in Otta-
sites at approximately 1200 UT on each date, except on wa, where key scenes were transferred to computer-corin-
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Table 1. Convair 580 SAR passes during the principal LEWEA X
period. Tints identify spectra in Figure 2. Real-time ~ .~ .~

processor
Date Tim&e Li' Ph Loc."1 Track' h~ 1l Dir. Image 4K-by-4K Disc

(UT) (deg) (mi) (in.'s) high-density imnage Ide
digital tape computer-

3/13 1234 1 1 (Q)ý 052 3627 108 L compatible

1304 2 2 (Q) 162. 3688 098 R tape
1322 3 3 (Q) 347 3688 115 R
1348 4 4 (Q) 167 6126 115 R Slant- to ground rng

146 5 5 () 37 6096 129 R corversion ;4r'd rotatlon Operator
1406 5 (Q 347input

3/114 1157 1 1 Q 089 3688 128 R Modified
12)9 1 1 T 089 3688 128 R Welch's E~bcn eeto
1259 2 2 T 270 6096 128 R method Sbcn eeto

1323 2 2 Q 269 6096 128 R _____
1352 3 3 Q 227 6065 120 R Subtrac bias

3/17 1243 1 1 Q 089 384 III R Magnitude squared
1309 1 2 T 091 3840 114 R
1334 2 1 T 271 6096 128 R 1~21D polynomial deten
1358 2 2 Q 269 6096 122 R
1422 3 1 Q 180 6096 122 RContaewno

3/18 1210 1 1 Q 089 3657 131 R u.
1233 1 2 T 091 3657 127 R 12D FFTI
1258 2 1 T 271 6096 128 R #
1322 2 2 Q 269 6096 128 R Accumulate-
1340 3 1 Q 180 6065 093 R p

3/19 1516 1 1 Q(T)h 074 3688 126 R Normaliz
1529 1 2 Q(T) 254 3688 121 L
1554 2 3 Q(T) 344 3688 128 R
1613 2 4 Q(T) 164 3688 110 LScnigoretn
1633 3 5 Q(T) 298 3688 122 Rg

Note: All data were collected in nadir mode. The 13 March data are Smoothing=
in ground-range presentation; all others are in slant range. The 14 March
data are horizontal-transmit and horizontal-receive polarization; all Figure 1. Flow chart showing the principal processing steps
others are vertical-vertical polarization, in the production of the SAR image spectra.

a Approximate time of data considered in spectral intercomparisons.
b' Line number.
'Pass number.
d cn location: Q =CFAV Quest (50*N 47.5 'W); T =HNLNtS and avoids problems with near-nadir image data such

Ti-deman (50*N 45*W). as inaccurate slant-range to ground-range conversions
'Aircraft track measured clockwise with respect to true north, and image saturation. (No sensitivity time control was
fAntenna look direction: L =left; R =right, available for ocean work during l.Fw~x.) The data were
gThe Quest was not yet in position. squared to move into the image power domain. (in-
hThe Tydeman had moved to the Quest location. dividual look product cross terms are created from the

RIP summing the looks in power. The quantitative im-
pact of these terms has not been assessed.) This image

patible tape, and the image products were dumped to swath was sectioned into fifteen 512 pixel by 512 pixel
a computer hard disk, converted from slant range to subscenes, each overlapping by 50076. Each subscene was
ground range (if required), and interpolated to 3.89 m subjected to a two-dimensional polynomial detrend oper-
by 3.89 m image pixels. Because of a hardware fault, ation, a cosine-taper window, and a fast Foiirier trans-
a bias term is present in the LEWEX RTP sAR imagery, but form. The Fourier transforms were magnitude detected
it is estimated and removed before subsequent spectral and ensemble averaged using a modified Welch's meth-
analysis. od. The average spectra were outi normalized bvv the

Azimuth-oriented image swaths of 512 pixels (in zero wave-number value, giving a spectrum that may be
ground range) by 4096 pixels (in azimuth) centered on interpreted in terms of wave-number-dependent spectral
a 52* incidence angle were extracted from each data set. contrast.8
That incidence angle ensures consistent radiometric be- The symmetrical image spectra were subjected to a
havior for both the high- and the low-altitude SAR passes, scanning distortion correction to account for along-track
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scale changes. Interpolation in the two-dimensional Wavescan buoy Low SAR High SAR

wave-number domain produced asymmetrical SAR in-
age spectra. The spectra were then smoothed using a 5
by 5 spectral bin Gaussian smoothing kernel with an
equivalent rectangular width of 2.5 by 2.5 spectral bins.
These spectra were submitted for inclusion in the inter- 1
SPECTRAL INTERCOMPARISONS

On 14 March (Fig. 2A), data were collected in slant t"
range, but the exact nadir location is not known. The
slant-range to ground-range conversion was performed
post-flight. However, some range-dependent scaling er-
rors may be present. There is some evidence of a second
wave system in the low-altitude pass. The dominant wave
mode observed in all passes is consistent with the single C
mode measured by the Wavescan buoy.

The 17 March (Fig. 2B) data represent the first reliable
data set in terms of the slant-range to ground-range con-
version. For this and all subsequent nadir mode data sets,
the data were collected in slant range, with the nadir ex-
plicitly appearing in the image. The slant-range to
ground-range conversion was then performed accurately D

post-flight. The SAR directional ambiguity masks any
evidence of the opposing wave systems observed by the
Wavescan buoy.

The single-wave mode of 18 March (Fig. 2C) is in
good agreement with the Wavescan buoy. In the "igh-
altitude flight, however, there is a strong indicat *i of
a second wave mode. This anomalous case is discussed Figure 2. Uncorrected SAR wave-number spectra at low and

high altitudes compared with Wavescan buoy spectra. A. 14
later. March 1987. B. 17 March. C. 18 March. 0. 19 March. Inner and

For 19 March (Fig. 2D), the data were collected as outer circles correspond to 400 m and 100 m, respectively. See
part of multisided pattern flown only at the lower alti- tinted entries in Table 1 for headings.
tude. In this particular pass, there is good agreement be-
tween the principal wave mode observed by the sA and
that observed by the Wavescan buoy. In the next sec- Z

tion, we consider this data set further because the im-
age spectra from some of the other passes indicate a sec-
ond anomalous wave mode.

SOME ANOMALOUS RESULTS RR

We will now attempt to explain anomalous spectral
modes observed in the 18 and 19 March data sets on
the basis of velocity-bunching nonlinearities. Velocity
bunching is a remapping of scatterer locations in the SAR
image azimuth dimension as a result of the projected h

radial component of the scatterers' net orbital velocity.
This is an important mechanism for the imaging of azi-
muth traveling ocean waves by SAR systems.9 '0°

For an airborne SAR system with the geometry shown
in Figure 3, the effective radar cross section arf due to
velocity bunching is described to first order bylY Z--Y

x K

Si + FI WS,•SK, cos 'Pkk/(Op) cos(ARGA )I Figure 3. SAR/ocean wave geometry. x is the azimuth coor-
dinate, y is the ground-range coordinate, V is the platform ye-

(l locity vector, h is the platform height, 0 is the local angle of
incidence, K is the ocean-wave wave-number vector, and o is

where the wave aspect angle.
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HA , , (2) 10.

G4C E 1i. 0 0
SA= - ,(3) 8'5 025V cos0 

/

g (4 17,\

V>

,(O,0k)= I + tanO sinfl6 , (5)

ARGA. = (KAS, cos OA )x + (K, sin O, )y, (6) 19

A, K, 0, and C,0 are the wave-mode amplitudes (in Peak perod, T(s)
meters), wave numbers, aspect angles, and phase veloc-ities, respectively, V is the platform speed, h is the plat- Figure 4. Representative values of the mapping parameter ,

= 0.1,0.25, 0.5, and 1.0 for h,,V = 29 s. o = 48', and s = 52')form height, 0 is the incidence angle, x and y are the referenced to conditions observed during LEWEX (the day of
azimuth and ground-range coordinates, and g is the ac- March is indicated; the Wavescan buoy measurement was at
celeration of gravity. Sharp wavy, "crests" will be ap- approximately 1200 UT). The data are superimposed on the

parent in the SAR image when the denominator of Equa- Hibernian March wave climatology with 1% observation con-
tour increments.

tion 1 numerically approaches zero. Such image crests

are a function of parameters such as wave amplitude and
are the result of the nonlinear, velocity-bunching map-
ping process.

It is straightforward to examine this nonlinearity. De- The key issue in considering Figure 4 is the size of
fine ai for which velocity-bunching mapping nonlinearities be-

.At come important, particularly for the very moderate set
a , W, S WSkK, Icos ,k 1/(0,k) , (7) of (representative) LEWEX SAR parameters indicated in

k=J •the figure. Note that the single ocean-wave mode case
which is the worst-case value of the coefficient in the plotted in Figure 4 is conservative in terms of the de-
denominator of Equation 1. The magnitude and sign of gree of nonlinear mapping compared with the multimode
the actual coefficient vary as a function of spatial posi- case that is generally observed in nature, but the plotted
tion. The velocity-bunching mapping is linear when curves are a reasonable guide. If a = 0.25 represents

1 the onset of nonlir.ar mapping, then nearly all wave
,im I -I + al conditions actually observed during LEWEX would be

subject to imaging nonlinearity.

For a unimodal sea (M = I),

H, 2 If A, (9) Spectra of 18 March
The SAR image spectra calculated from the four passes

and of 18 March are shown in Figure 5. As noted, the high

g T 3  passes show an anomalous second wave mode. We sug-
=a (10) gest that this second mode may be an expression of the

Vid l (hi V)S I(0,$i)cos 0 velocity-bunching nonlinearity induced by changes in the

describes the relation between significant wave height SAR geometry relative to the waves being observed.
H, and wave modal period T for various values of the The two main differences between the high-altitude
mapping parameter a. and the low-altitude SAR passes are the change by a fac-

We now examine the role of a relative to the SAR ge- tor of nearly 2 in the h/V ratio and the 180' change in
ometries experienced during LEWEX and the expected the SAR aspect angle 0. The velocity-bunching mapping
wave climatology. Figure 4 shows plots of Equation 10 parameters a for these cases, based on the Wavescan
for various values of aY and LEWEX SAR parameters, buoy measurements and the SAR geometry, are shown
Wave modes occurring above the lines are in increas- in Table 2. The incidence angle here is 52' for both the
ingly nonlinear mapping regimes. The significant wave high- and the low-altitude passes, but the slant-range-
height and peak period observed by the Wavescan dependent coherent integration time T, varies with
buoyt 2 at the HNLMS Tydeman location are also plot- hl V. Therefore, we expect that the scene coherence time
ted, along with wave climatology for the month of r should moderate the nonlinearity more for the high-
March as measured at the Hibernia oil drilling site, ap- altitude pass (larger T1.1r) than for the low-altitude
proximately 300 nmi south of the principal LEWEX study pass (smaller T1 !r). Nevertheless, the net effect is ap-
region. The contour levels are in increments of 1 %o oc- parently a strong (in fact, dominant) expression of the
currence for the 750 historical observations included, nonlinearity for the high-altitude pass only.
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Figure 6 i e - r spectra from four passes

on 19 March; near the Quest, 50'N. 47.51W. 0 = 52°. The plat-
Figure5. SAR image wave-number spectra from four passes form velocity vector is indicated by the arrow. A. L1 P1, h1V =

on 18 March 1987. The platform velocity vector is indicated by 29 s. B. L1 P2, h/V = 30 s. C. 12 P3, h/V = 29 s. D. L2 P4, h!V
the arrow. The inner circles correspond to 100-m wavelengths = 34 s. Horizontal scale identical to Figure 5. North (in this
and the outer to 50-m wavelengths. A. Near the Tydeman, 50°N, figure only) is 160 clockwise from vertical.
45°W, 6 = 52%, 1233 UT, hlV = 29 s. 8. The same as A but 1257
UT, h/V = 48 s. C. Near the Quest, 50°N, 47.5°W, 0 = 52', 1208
UT, hlV = 28 s. 0. The same as C but 1321 UT, h/V = 48 s. on the wave aspect angle for an airborne SAR with a

small h/V ratio. There were four passes over the mea-
surement site, each representing a different wave aspect

Table 2. Velocity-bunching mapping parameter a based on angle. The h/V ratio was nearly identical for the four
(nominal) Wavescan buoy measurements and the SAR/wave ge- cases. The SAR image spectra are shown in Figure 6.
ometry from Table 1. (Corresponding sets of spectral estimates from three co-

Time La pb H, T e h/V TL c od located buoys are given in Beal, this volume, Fig. I1.)
(_JT) (m) (s) (deg) (s) (s) Note the appearance of a second wave mode in pass 2

and, to a lesser extent, in passes 3 and 4. In Table 2,
18 March a is listed for the four passes. We see that the passes

with the smallest expression of the second anomalous
1208 1 1 3.3 12.1 30 29 1.6 0.26 mode (LI P1) correspond to the smallest value of a. All
1233 1 2 3.3 12.1 30 28 1.6 0.26 other cases have larger a and greater expression of the
1258 2 1 3.3 12.1 30 48 2.7 0.77 anomalous wave mode. The variability in a is due sole-
1322 2 2 3.3 12.1 30 48 2.7 0.77 ly to dependence on the wave aspect angle. Although

19 March this sequence represents a seemingly controlled situation
(i.e., fixed h/V and incidence angle), the variability in

1516 1 1 2.6 11.9 10 29 1.6 0.18 the results demonstrates that the SAR geometry relative
1529 1 2 2.6 11.9 10 30 1.7 0.38 to the wave being imaged is very important in governing
1554 2 3 2.6 11.9 10 29 1.6 0.34 the velocity-bunching mapping, at least for an airborne
1613 2 4 2.6 11.9 10 34 1.9 0.56 SAR system.

aLine number. CONCLUSIONS
bPass number.
'Coherent integration time. We have considered uncalibrated directional wave-
dVelocity-bunching parameter of Equation 10. number spectra derived from CCRS C-band RTP SAR im-

agery collected during LEWEX. We do not attempt to ap-
ply an inversion algorithm, and so we do not claim to
provide a calibrated wave-height spectrum. In spite of

Spectra of 19 March this, we feel that the SAR generally measured wave
The 19 March data are very important with regard modes that are comparable to those observed by the oth-

to the dependence of the velocity-bunching nonlinearity er wave-measuring systems deployed during LEwFx.
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SAR SCATTERING MECHANISMS AS INFERRED
FROM LEWEX SPECTRAL INTERCOMPARISONS

The ocean wave number response of the C-band synthetic aperture radar evxio system used in the
Labrador Sea Extreme Waves Experiment is compared for various airborne perspectixes by using a phase-
coherent model of ocean wrave scattering in the S.\R modulation transfer function. The directional be-
havior of the model appears to explain a null in the s.-xr xsave number response, close to the ranee axis,
that is particularly evident at high range-to-velocity ratios and high off-nadir angles.

INTRODUCTION

Previous research with L-band images from both tudes of approximately 3700 and 61(W) m. Specific
Seasat' and the Shuttle Imaging Radar-B (siR-B)-• has parameters of all s.R flights are gixen in Table I of the
shown that the synthetic aperture radar IsARit) azimuthal article by Vachon et al. in this volume.
response is severely limited at the higher range-to-velocity A bimodal ocean wave field was obserxed on 14
(RI V) ratios. A simple model to explain the results was March nearly simultaneously by the s.\R and t\%o other
postulated by Beal et al.' and further extrapolated by radar remote sensors located on a \A-,A aircraft: the ,ur-
Monaldo and Lyzenga.- To first order, the along-track face contour radar ts( Ri (see the article by Walsh in this
component of ocean wavelength resolution or azimuth- volume) and the radar ocean wave spectrometer Rkx•s•
al response, X, appears to vary according to (see the article by Jackson in this volume). Between 1130( R and 1400 UT, the S.AR, S( R, and ROW,, each estimated

X = K ) H, , (1) a surface wave spectrum consisting of a dominant swell
( - 215-m wavelength) arriving from the south-southeast

where H, is the significant wave height, and K is an and a weaker wind-driven sea (= 150-m wavelength) ar-
empirical parameter related to the sea state on spatial riving from the east-northeast. The estimated significant
scales below the resolution of the SAR. A major ques- wave height was about 4 m at both the CFAV Quest
tion of interest in the Labrador Sea Extreme Waves Ex- and HNLMS Tvdeman according to buoys deployed in
periment at.EwE-x) was whether this simple model could the area (e.g., see the article by Zambresky in this %ol-
be extended to C-band ocean imagery. If so, the impli- ume). The objectives of the sR analyses were to deter-
cations would be relevant to future planned missions mine the practical limit of the azimuthal wave number
such as the European Remote Sensing aLRS I) satellite, response in relatively high sea states, to apply methods
the Canadian Radarsat, and the NASA SiR.C, all of which of wave spectral estimation developed for l.-band s,.N
will use C-band synthetic aperture radars. imagery to C-band data, and to look for ev idence in the

The LEwEX ocean images analyzed herein were col- wave image spectrum of substantial changes in sea sur-
lected by the Canada Centre for Remote Sensing (CRSI face scattering mechanisms as a function of the radar
C-band SAR mounted on a cv-.8o aircraft.' The CcRS look angle.
airborne real-time processor yielded 8-bit integer data The low-altitude flight of the SAR over the Quesi on
as a seven-look summation of the backscattered field in- 14 March (designated s-SR scene 141,QI I in this article)
tensity after azimuthal compression and amplitude de- yielded good image data in a main lobe of the down-
tection. During the initial flight on 13 March 1987, the range antenna pattern for radar look angles between 45*
SAR was operated with vertical transmit and receive and 600. This was the only day during I is-W-x that the
polarizations (vv), and the data were recorded in the S,\R was operated with horizontal polarization and
ground-range perspective. On 14 March, the SAR ,as cdiibiatcd to ubtain good image data near nadir (e.g.,
operated in a horizontal (HH) polarization mode, and the 10"-30"). Hence, these data are of particular interest be-
data were recorded in a slant-range perspective. The gain cause they were acquired with a C-band SAR most nearly
of the SAR receiver was adjusted on that day to ensure like the L-band SAR flown during the NASA Seasat and
good amplitude response in a side lobe of the antenna SIR-I missions. Data were converted to a ground-range
pattern located within 30° of nadir. On 17, 18, and 19 format at c(CRs, preserving the 4.00- and 3.89-mn pixel
March, the SAR was operated in the vv mode, data were (picture clert ent) dimensions.
recorded in the slant-range perspective, and the receiver For this at alysis, SAR resolution was investigated as
was adjusted for optimal amplitude response in the main a function of across-track RIV ratios at constant height
lobe of the antenna pattern between radar look angles but variable look angle. The (-(-RS image product was
of 45* and 65*. Data were acquired each day at alti- segmented into 16 strips, each approximately 0.5 km
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downrange by 16.0 km along track. Each strip vssa Fou-
rier analyzed, and the resulting spectra ýcerc then awer- . . . -
aged over all range wave numbers. Figure I 4ho10', Io
the iniensiiy, poýser, and a/iniuthal respon-e of the x \k
imagery varied as a function of Ri V". Azimuthal reso-
lution is defined as the wavelength ,X 2-, A-•,, cor.
responding to the wave number k., at ihich the ,pectral
response falls to one-half of its loss-frequency value. In
agreement with Equation 1. these data suggeest a direct
proportionality betvieen azimuthal resolution and R/ V
ratio. The mean return power exhibits a minimum at
about 40%, corresponding to the first mininmm in the
antenna gain pattern.

PROPOSED SAR SPECTRAL.
MODULATION MODEL

Transient surface-scattering facets of spatial scale in-
termediate between the Bragg waselength and the sxk
cell size (e.g., between 5 and 500 cm for i [s t[x) may
be ad, ected at the orbital velocity of long waves, yet fade
rapidly compared \&ith the -\xR integration time. [he in-
coherent contribution to the SA-\R cross section may be Figure 1. The mean intensity. power and az'munal respons,e
modeled as a Poisson random processý " ssith anl ;lU- as a function of R V for SAR scene 14L011 A minimum in the
tocorrelaion function whose Fourier transform n - received power occurs at about 40 (PR V , 36 s) The systemresolution is limited by sea surface motion. which influences
muth yields a dynamic transfer function, the noncoherent aspects of SAP imaging and results n an

ocean wave resolution, . that vanes with the R V of the radar
(im)! (K/2)--cos(2it7 + I )D platform

P(K, k, - 4 ! ±k: )
(2)

where cP arctan(kAi•b. The wave number response K M
parameter, K (rad/m), describes a broadband spectrum |.4
that becomes progressively narrower along the azimuthal ]. .. . .
wave number, k•, by the addition of M successive E "= • '"-' :t e r m s . €E " " .- - - - '. . "' " . - -.

The it.iwLx SAR spectra from 14 March over the Quest S ..
were examined to determine to what extent they might T
be described by this Poisson model. Figure 2 illustrates
the resulting azimuthal wave number response of the 3
low-altitude flight as a function of radar look angle. The
white power profiles of the azimuthal data werc used
to estimate Poisson model parameters for computing the
(black) model functions with Equation 2. The azimuth-
al data profiles, D(k,,), were used to estimate the wave
number response parameter, K, by minimizing a squared
reciprocal error function

R(K, k,) . ...... D ]. (3)

for the simple M = 0 case, such that
Figure 2. Fourier image power spectra over the full azimuth

a OR at extent of SAR scene 14L-011 have been computed over 16
. ... limited bands in the downrange coordinate Along-track wave
S-2 a K number profiles of these power spectra have been character

ized in M terms of an incoherent scattering model described
S(K+ ] =by a dynamic wave number response parameter.

(i.e., M *- 0). These model functions are displayed to

The broadband response characteristics of the data the left of the origin in Figure 2. The natrowvband be-
profiles are well modeled with just the lowest-order term has ior of the data profiles wa,,a appro\itated bI) adding
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higher-order terms fromt Equation 2 tic generate the modx-
el functions appearing to the right of the origin in Fig-
ure 2, stopping at Ml -0, 1, 2, 3, or 4, Allen %1sual
comparison with the data profile indicated a reasonable
fit for each of the 16 value-, of radar look angle.

In the full -resolution version o1 the Nsxk inagcrv, fit-
tic spectral power %as evident outside 2i _25 radtitm
Hence, the S-si scenes %,ere rcdut~cd ito a correspond-
ing sample siLe Of 12.5 mn per pixel for Subseicquent anal-
ysis. The antenna pattern depicted in Figure I wa., first
estimated bý computing ihe mean intensity over the at.-
imuthal coordinate to generate a smoothed estimnate of
the range-dependent variation. The pixel iniciisity at eachi
downrange location wias then normalit,od by. doid sing the
mean downrange intensity during a 3 * 3 pixel as crag-
ing procedure. Interpolation reduced the resulting
12.00 m x 11.67 mpi~xels to a 12.5n m 12.5 minrid.
The result of applying this inu-t-ge processing procedure
to the s-SR data designated 141.1) 1I fi.c, 14 March, lo\w
altitude over the Quest location, line I and pass 1) is
shown in Figure 3 along with corresponding Fourier
power spectra. Signal component% at the higher azimuth-
,il w.'ve numbers clearly degrade as RI I increases, un-
til only the range-traveling components are dettected at
R/ V =89 s, occurring at a radar look angle of 7 1',

GENERALIZED DATA PROCESSING Figure 3. Wave image spectra of ýý; scene 14LO11 t'txvv
PROCEDURES t~een computed in 32-ikm squares to relale image iesoluio!4.

to WaVe number response as each varies acoss the ý,A swath
Fourier analysis was also applied to s.-si imiagery col- LO rom ?our contiguous 32km sA im&ges Viodde

lected on 13, 14, 17, 18. and 19 March in the main an- Column raj spectra Shc-*rng estimates of th~e cf-naM', !fans
tenna lobe after compensation for intensity variation I er function in t" w.muthai ýhoryzonlaji coordinate Right
downrange and conversion to cross-sectional power (bý column smoothed spectra wvinth ie outer circle at 2,r'5 fa!

squaring SAR intensities). A slant-range to ground-range
conversion was applied when appropriate during pixel
resampling to 12.5-rn pixels, appro'ximately half the nar- a unique dynamic transfer- function, attcmpting to acixvni

rwsahres~olution" of the C( Rs aircraft system. Fou- for coherence time effects as modekiJ in the 1-ounric wave
dro taswather efomdonst o ih number domain according to Lquation 2, with M - 0.
ri scuier t a lsorms -wrc pmaerformed n sts, fc eight , The instrunient-re-sponse-<orre~cted oi.._ level 3 of the
conerseutiveaatong-trac imeagcos segmeonts each 1.6lkin-, linear process) sxit image power spetra wecre ý,uh ieci -

a cosine-tapered window within the square. e toin ,eal esi atesiofoen ave proectra, the ou~ri tem wa0
A Gaussian wave number response function was esti- fnumbl domains of thea imagespoweir Tpetu onsisted*a~

mated from the average of the eight Fourier power spcc- ofbe aoai 64 th28piel dmataae vkcntainingm mansisteod-
tra. A squared-error function, defined by the difference ofa6 12piedtbsecniigmnNt t-

between the logarithm of the average power specrumi mentsi. A G aussian-weighted A -- 3 pixel convolution
and a vest-fitting two-dimensional polynomial." was titl.ter was applied to eliminate these elementi, and oh-

tain a reasonablv continuousý %pwcrurntminimized to generate characteristic Gaussian wav e num- Foth14Mrhne-adrdtastniap-
ber response widths. The resulting Gaussian wax e num- tal nfr os lotkna h enpwrlx

beo-drensponalserfunction_,) wasaproiaedba el plus one standard desiation. was subtracted from the
two-imesioal urfce, ~k, k~. werepower spectrum. In this wka-, the wNase signal was sepa-

ri A2
" / 1rated from background %iochasiic noise by rising a

G(k,, k.~ GeCXPi ___- 9  - ( i ] Gaussian statistical model! " of' ihe spectral p)owket dis-
- tribution. This powecr distribut on closels resecmbled a

normal probability distribution after the Gaussian con-
and k, represents the radar rang, component of the volution and wxave number rcspoxnsc corrections,
wave number. The characteristic half-w-idths a,. and ti_ 1-inally, a modulation transfer functioný based oil
along with other significant parameters associated with Doppler -velocity bunching, and large-scale turface tilt-
image analysis, are listed in Table I for the complete i u.w ing was applied to convert the '1xit-reSPonSC-COrreCced
Ft.x set of analyzed SAR data, After dividing eachi of the Fourier spectrum to an estimate (i~e., level 5 of the fin-
eight Fourier spectra by the Gaussian surface fitting the ear process,) of the surface wave height -variance spec-
average power response, each spectrum w-as corrected for (rum, The %elocitv-htunching and tilt rrodulationm of the
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Table 1. LEWEX SAR data summary suienit'ettc f %%as, diicr<tron oitcts 1%%o tl .qetdtt ol

l-quallotn I he t qltloOdUl lit, It •.l t ,stet LU11.[Oll IN

6 RIV or, 4 coti iP

File' (deg) (s) z/: rd, (rad/m)l (md/mr (rad.in)f I. (A " (ll

13LQII 52 51 0.104 0.16 0.15 0.1.
13LQ22 52 51 O. 117 0.24 0.14 0.14 skhcre the an' - id . ,,igiN, denote ' , and mit polax-
13LQ33 52 51 0.168 0.18 0.14 (.Yl t/atiOtts. rcIIfctieleh scho.ttl bunchnn tratti

13HQ44 52 87 0.116 0.21 0.14 0.15 I'L1t1CIon is
13HQ55 52 87 0.123 0.21 0.14 0.10
14LQIl 20 29 0.168 0.17 0.16 0.10 tAk,, kt)
14LTIl 26 31 0.185 0.18 0.16 0.11 R
14HT22 25 53 0.150 0.13 0.15 0.13 011' ( sill e'.)ii: ± .o,0) (A; A, ) A,
14HQ22 20 50 0.130 0.11 0,14 0.12 (9)
17LQ 11 52 56 0.076 - - 0.07
17LT12 52 56 0.263 0.30 0,25 0.10 %khere is the grastiational acceleration.
17HT21 42 59 0.151 0.19 0.22 0.11 The , sR image spectra computed for 1 t ýN \ data ac-
17HQ22 42 59 0.137 0.20 0.22 0.12 quired on 14 March vsere previously compared with s( k
18LQ 11 52 45 0.211 0.12 0.20 0.08 and Rt,%s ocean ,ase height-%ariance spectra, normal.
18LT12 52 47 0.265 0.12 0.20 0.07 ized in units of m' by subtracting an arbitrary Fourier
18HT21 52 77 0.153 0.14 0.27 0." noise powcr threshold between lesels 3 and 5 of' the lin-
18HQ22 52 77 0.125 0.14 0.31 0.20 ear ssxR spectral correction:"* process. A similar thresh-
19LQ23 52 47 0.129 0.12 0.23 0.15 old, equal to the mean Fourier power pius one standard

de% iation. was applied to the , K height-variance spec-
In these file names, the first two numbers indicate the date in tra (after normalization to units of m") and to the
March by which cv. so operation., were completed; the third Ros spectra (after normalization to units of mi , as.
character indicates either low (L) or high (H) aircraft altitude; sumed to represent slope-,ariance spectra. This scrate-
the fourth character designates the site as either the Quest (Q) gy for comparison was attractive because the same
or the Tydeman (1'); the fifth and sixth characters indicate line
number and pass number, respectively, consistent with nota- statistical threshold was applied to all three radar sen-
tion accomranying Table I in the article by Vachon et at. in sors in what was assumed to be the spectral domain cor-
this volume, responding to a particular instrument's measurement of

bThe variables Or, oa. and ,c represent the wave number at cross-sectional modulation. Both s(k and R( )ss, spectra,
which empirical response functions fall to one-half their value
at the origin. however, had already been processed with instrument

response functions that may well have included subtrac-
radar cross section were assumed to be additive in am- tion of noise thresholds (see the articles by Walsh and
plitude with coherent phase, by Jackson in this volume) in formatting the Cartesian

sCR and polar R0\%s data products.
ri(kr, k,) = arctan(tan 0 sin o) - . (6) Figure 4 depicts the s-R spectral data in units of m'

2 and the RowsS spectral data in units of m'irad at the
where 0 is the radar look angle, and 6 = arctan(k, /k,) Quest and Tvdemnan locations on 14 March. After in-
is the direction of wave propagation' relative to the creasing azimuthal spectral power by using a dynamic
SAR azimuthal coordinate (i.e., the flight direction). transfer function correction, the s-\• level 3 spectrum
Hence, a total SAR modulation transfer function was most closely resembles Jackson's Row sN spectrum. Sub-
modeled by applying the sum of the velocity-bunching sequent subtraction of the arbitrary noise threshold and
and tilt modulations to the SAR image power spectrum correction for the phase-coherent modulation transfer
to approximate the wave height-variance spectrum (units function have the effect of diminishing ',,NR azimuthal
of inm). spectral power to somewhat below% that of the S'C spec-

The coherent phase of the velocity-bunching mecha- trum, representing an estimate of spectral energy densi-
nism was included in the total modulation transfer func- tv in units of in'. If the S( R is taken as the primary
tion F2 , • standard, then the inverse SAR correction at level 5 ap-

pears to underestimate azimuthal wave power.
F2-(k,, k, = FV(k,) + F2 (k,, k,,) The wave spectral densities measured by an sAR will

be shifted in a direction opposite the flight direction'
+ 2F(k,) f-1 (k, k,) cos q(kr, k,,) , (7) in proportion to the ratio of the phase velocity (g/k')

to the platform velocity V. Here, k' represents the ac-
where the subscripts t and v refer to tilt and velocity- tual ocean wave number, as opposed to k z- (k; *
bunching terms. The SAR image power spectrum was kr) representing the ssit estimate of wave number.
divided by F2 , accounting for the estimated direction of The Itw l:,X SAR spectra were interpolated to a grid lill-
the wave in determining the argument of Equation 6. ear in the actual azimuthal ocean wave numbcr. A,,,
The modulation transfer function is, in general, degener- from a grid linear in the sAR observed azimuthal wave
ate to the extent that the 180" ambiguity in the sAx mea- number,
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Figure 4. Spectra of SCR. ROWS, SAR
level 3, and SAP level 5 over wave
numbers increasing linearly from 0 at
the center of each frame to 21r/100
rad/m at the (,iter circle. A- Quest to-
cation. B. Tydeman location. The col-
or bar depicts spectral power
increasing to the right in ur~its of m4

for the SCR and m
3
trad for the ROWS,

The SAR level 5 spectra have been
normalized in units of m4 for these
flights at the lower altitude. The SAR
level 3 spectra indicate that azimuth-
al wave response is adequate at an
early stage of spectral data pro-
cessing.

FigureS. Average power spectra for
each of the five SAi flights on 13
March 1987, showing evidence near
the range axis of a characteristic null
that is rotated clockwise (2 and 4) or
counterclockwise (3 and 5), depend-
ing on the radar's orientation relative
tc the wave direction. The LEWEX
common wind field estimate at the
Quest on 13 March at 1200 UT was
approximately 15 m/s from 60°, near-
ly opposite the heading of flight line
1. The outer circle is at 24z/50 rad/m.

k(gk) (10) 4 are collinear, with the radar looking downwind to its

V right. The raw SAR power spectra for both of these

The measured spectral estimates, S(ka') and S(k, ), at flights depict a range-traveling wave that is split by a
the nearest input grid points were thenused to compute null located clockwise from the range axis. Flights 3 and
a revised spectral estimate, 5 are also collinear, but in the opposite direction rela-

a rtive to flights 2 and 4; therefore, the radar is looking
(kS, - k, )) upwind to its right in flights 3 and 5. The raw power
(k' - k; ) spectra for both of these flights also show a range-

(11) traveling wave, but the wave is split by a null located
counterclockwise from the range axis. This directional

where the "+" and "-" signs denote the two input behavior of the null, presumably resulting from the co-
SAR grid nodes closest to the SAR wave number computed herent addition of the tilt and velocity-bunching modu-
via Equation 10 for the desired output grid node k,. lations, is consistent with the sign reversal implicit in

The SAR imagery over the Quest on 13 March demon- Equation 6. The presence of this notch is evidence that
strates the importance of accounting for the directional velocity bunching is a significant modulating mechanism,
aspects of the velocity-bunching modulation. Figure 5 even for a range-traveling wave field if it is moderately
shows spectral estimates for five separate aircraft geom- spread in the azimuthal coordinate.
etries, the first three at low altitude (RI V z 50 s) and Figure 6 illustrates important properties of the inverse
the last two at high altitude (RI V = 85 s). Flights 2 and SAR modulation transfer function as the incidence an-
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Figure 6. The SAR inverse modulation transfer function is Figure 7. Ocean wave height-variance spectra computed from
computed as the reciprocal of Equation 7 to compare effects SAR data and rotated to a vertical north orientation are dis-
of platform RIV (87, 50, 46, and 29 s) and altitude (3658 and 6096 played with color-coded contours linearly spaced in relative units
m) on its symmetry about the range axis. The outer circle is of M4

. Low- (L) and high- (H) altitude flights of the radar over
at 2 1rI100 rad/m. A 20° look angle and an RIV of 29 s nearly bal- the Quest (Q) and Tydeman (T) locations on 13. 14. 17, and 18
ance SAR response characteristics in the range and azimuthal March are depicted, yielding spectra that have been converted
coordinates at the innermost circle, which is at 270200 rad/m. by using a phase-coherent model of velocity-bunching and tilt

modulations. The outer circle is at 27r100 rad/m. (See Table 1
of Vachon (this volume) for a full explanation of the file names.)

gle and the range-to-velocity ratio are varied. An SAR
image spectrum will appear to be split along the maxi-
mum in the inverse F - 2(kr, ka ) function that was ap- measured resolution into Equation I yields a proportion-
plied to estimate the ocean wave spectrum. For the ality factor of K = 1.1 (m/s 2 ) '.

LEWEX SAR data set, it was usually possible to determine Reducing the R/I V ratio, which can be achieved by
whether the dominant waves were traveling toward or lowering the altitude of the SAR platform, is beneficial
away from the radar by using SCR data, ship buoy data, in balancing the range and azimuthal components of the
or wave model estimates (see, e.g., the articles by Walsh, SAR modulation transfer function. A near-nadir look an-
by Keeley, and by Gerling in this volume). By using these gle also increases theoretical range modulation relative
a priori estimates, the coherent phase relations of Equa- to azimuthal modulation, but requires that the specular
tions 6 and 7 were applied to a larger LEWEX SAR data component of the surface backscatter be modeled to dis-
set to estimate ocean wave height-variance spectra on tinguish a wave-modulated signal from surface-glint ran-
13, 14, 17, 18, and 19 March. Results for the first four dom noise. The HH polarization is preferred over the vv
of these days are shown in Figure 7. By using the model polarization in increasing the surface wave tilt modula-
described previously for the coherent modulation, the tion of the model, as quantified in Equation 8.
splitting of the spectra can be "healed" on 13 March, The 14 March spectral intercomparisons" show ex-
but the spectrum remains split near the range axis for cess wave energy in the range coordinate for the SAR

the high flight of the SAR on 18 March. spectra relative to both the ScR and the ROWS spectra.
CONCLUSICNS This result indicates that hydrodynamic modulation of

ocean surface scattering at C-band may be important.
For LEWEX, the azimuthal spectral response of the air- Surface roughness and radar backscatter are probably

craft SAR is optimal in a narrow swath located between modulated by transient interactions between the wave
nadir and the first minimum of the antenna pattern surface and the turbulent wind field, tending to mask
downrange, where R/V < 30 s. The azimuthal wave the coherent contributions to the cross-sectional modu-
number response degrades as the R/ V ratio increases, lation. The horizontally polarized SAR responded ade-
and appears to be well described by Equation 1. This quately to the azimuthally traveling wave system of 14
result seems to be as valid for the CCRS aircraft C-band March (see Fig. 3) near nadir and in the main antenna
SAR as it is for the Seasat L-band SAR. For a signifi- lobe. The SAR imaging model2 might be improved if the
cant wave height of 4.3 m, measured by the SCR on 14 coherent modulation could be augmented by hydrody-
March in the vicinity of the Quest, substitution of the namic modulation, even though such modulation is
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poorly understood at present. Some combination otf the Ildies. 1), 0~"pivnai SIR Ii Rv'vionw ( liaocn~irr , aid Iuj
dynamic transfer function (Eq. 2) and the coherent trans- fag '.'.a~e Hetelt aid %N%aicknial fior ikik.ii liviagci al f',.' 11, IA'8S',~

fer function (Eq. 7) might be found to better match SA-R Sin~ur % ,,[1.Ai Aixr NF~ ,~\ p~p ]A]ii. Ij l id (' e

spectra (see Fig. 4) to Rows and SCR spectra. Better \Xit SMeud III [wl.tic iadoi; 'a I vir \\ai- I Ull-r 1 I1 rt~
LG'inv Rermitr Swns 27. 481 491 (1989)statistical models of short-scale wind and wave interac- ksingtoie I0 ( , (Ot-t A. I . llKkl, k Is 0enr. k H , vrifi, R

tions, are necessary to improve the Utility Of' SARx trans- -X , i aL.( KS C ~t .an 't-X~kxf Radar Iss~ril le'~tripton Irtd lve
fer functions. The SAR spectra are likely to be most Reut, Il 11th ( pidiiwn oSm-.--w n Remten-u Sen~t-r, \-aldlos-,- hin

tat-i pp 501l I1 (19517)useful, and the SAR transfer function is likely to be most 111v D. G. "Io'rc Afahi ot- SA si'I ~tof t- fllktt Siniti
predictable and robust, at low off-nadir angles and low si o SMectal (orrcctjon' %pplicd Io, Sea'si (hcjll;ý Dl)a,- miU-e

%It' nt-ttdo, V* M.I ar-id lkaI. R U I i 14tit-lSatio tie Sea'ai 55k In Ifitgti
REFERENCES Sea- State,,"' iii W$ait, l0ifarrt-ti anld Radii) 13'twidii u! (ItZi', ), iOta %ardt-'ai-

Phillips, 0, M.,. an-d lla".elm~ntnIs , td,, PIct-it-n l Pt- s. Nc'a loij . 1p1
1 Beal. R. C., Title), D, G., anid Mlonaldo, F. M., "Large- arid SinalI-Scale 423 -442 (19816).
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INTERPRETATION AND APPLICATION OF SAR
WAVE IMAGE SPECTRA IN WAVE MODELS

A new closed integral transform relation describing the nonlinear mapping of a surface-wave spec-
trum into a synthetic aperture radar (SAR) image spectrum is presented and applied to selected Labrador
Sea Extreme Waves Experiment cases. The new results agree well with observations and with computa-
tions using earlier Monte Carlo techniques. The integral transform can be expanded in a series whose
terms can be computed rapidly using fast Fourier transforms. The series expansion of the integral trans-
form expression is also useful in identifying the relative contributions of different imaging mechanisms.

INTRODUCTION

Synthetic aperture radars (SAR'S)tO be flown on ocean trum has been derived by Hasselmann and Hassel-
satellites and polar orbiting platforms in the 1990s will mann.' Although the transformation is strongly non-
provide ocean wave modelers for the first time with glob- linear, a closed relation between the input surface-wave
al measurements of the two-dimensional ocean-wave spectrum and output SAR spectrum could nevertheless be
spectrum. This should bring an unprecedented boost to derived by making use of the Gaussian property of the
ocean-wave modeling But SAR images of the ocean- input wave field, which enables all higher order nonlinear
wave surface are not easily interpreted. They are often dependencies on the input field to be reduced to the sur-
strongly nonlinear and show pronounced asymmetries face-wave spectrum.
with respect to range and azimuthal imaging. The devel- The closed integral expression can be readily evaluated,
opment of appropriate methods for the efficient process- after a suitable series expansion, by means of fast Fourier
ing and assimilation of SAR wave data into ocean-wave transforms (FFT'S). The computing time (less than I s per
models is not straightforward and presents a major chal- spectrum on a CRAY-2 computer) is short enough for the
lenge to the ocean-wave community. method to be applied operationally to satellite SAR data.

The basic mechanisms of SAR ocean-wave imaging are The integral was also evaluated directly without expan-
nevertheless rather well understood today (cf, Ref. 1). sion, and although the FFr technique could not be ap-
In particular, the characteristic nonlinearity and range- plied, essentially identical results were obtained with
azimuth asymmetry of SAR wave images can be ex- comparable computation times for somewhat reduced
plained by the large azimuthal displacements-compared spectral resolution.
with the scales of the long waves-of individual back- The series expansion of the integral transform relation
scattering elements in the image plane caused by the or- is also useful in clarifying the role of the various imag-
bital motions of the long waves. ing mechanisms. Thus, the relative contributions from

To cope with this strong nonlinearity, computations hydrodynamic and tilt modulation, from linear velocity
of the transformation of a surface-wave spectrum into bunching, from the interference between these processes,
a SAR image spectrum have been carried out in the past and from higher order nonlinear velocity-bunching inter-
largely by means of "brute force" Monte Carlo simula- actions can be individually identified as separate spec-
tions,2- in which a series of random realizations of the tral terms of the series expansion.
sea surface is generated for a given ocean-wave spectrum, The closed transformation expression has the addi-
and the sea surface is mapped into the sAR image plane, tional advantage of lending itself readily to inversion by
pixel by pixel, for each realization. The SAR images are means of iterative inverse modeling methods, Details are
then Fourier transformed, and the squared Fourier am- given in Ref. 8.
plitudes are averaged over the ensemble of realizations In this article, the results of the theory are summarized
to obtain an estimate of the image variance spectrum. and applied to examples from the Labrador Sea Extreme
Typically, 20 to 50 individual sea-surface realizations (40 Waves Experiment a.EwEx), using as input hindcast
to 100 degrees of freedom) need to be mapped. The wave spectra computed with the WAMI wave model.'
method is relatively costly in computer time and suffers The theory is verified by comparing the new computa-
from the usual Monte Carlo statistical sampling uncer- tions with the Monte Carlo simulations.
tainty. Also, it does not offer a simple approach to the
inverse problem of estimating the surface-wave spectrum
from a measured SAR image spectrum. To discuss meaningfully the new transformation rela-

Recently, a new closed integral relation for the map- tion presented in the next section and interpret its sub-
ping of a surface-wave spectrum into a SAR image spec- sequent application to LEWEX SAR spectra, some basic
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concepts and notation need to be introduced, See Ref. nonlinear corrections) are still only poorly known and
I for a review of the standard two-scale theory of SAR need further study.
imaging of a surface-wave field on which these concepts The frozen surface sR image represents a snapshot
are based. The derivation of the spectral transformation of the field o(r, t) at a particular time, say t - 0. Mea-
relation is given in Ref. 8. suring the image modulation intensity l'(r) (after sub-

It is convenient to regard the SAR surface-wave image traction of the mean) in units of the normalized cross
as the result of two consecutive imaging mechanisms: section, o(r, 0)/a,
the cross-section modulation that produces the frozen o(r 0)
surface image, IR(r), and the additional motion effects l 0(r) . ... 0 (5)
that, together with the frozen surface contribution, yield 7
the net SAR image, Is(r), where r is the position vector, and introducing the Fourier integral,

The Frozen Surface Contribution /A(r) "dk !(k)e(A (6)

The frozen surface image, IR(r), of a linear ocean-
wave field corresponds to the image that would be ob- we have, from Equation 2,
tained by a real aperture radar tAR). To a good approx-
imation, it can be linearly related to the surface-wave IR(k) = r(k) + m(- k)" (7)
field.

The surface-wave elevation ý(r, t) of a linear ocean- where the asterisk indicates a complex conjugate. We
wave field can be decomposed into a superposition of have ignored here the SAR system MR., It appears simply
freely propagating wave components: as an additional factor in Equation 7 that we may re-

gard as absorbed in the definition of rn(k).

•(r, t) = dk '(k) exp(i[k r -r t) We have also ignored, for simplicity, distortion effects
because a side-looking radar does not, in fact, make a

+ complex conjugate] , (1) field snapshot image but builds up the image from a se-
quence of consecutively imaged snapshot strips. Thus,

wes moving waves are imaged with slightly Doppler displaced
where o = gk is the gravity-wave frequency, tis "wave numbers of encounter." (This straightforward
time, " is the wave height, i designates the "imaginary geometric effect applies equally for a RAR and a SAR and
part of," and k is the wave number vector. To avoid should be distinguished from the SAR motion effects
a proliferation of symbols, we shall use the some symbol summarized in the following section.)
for a function and its Fourier transform, distinguishing Finally, we have not considered clutter effects. To first
the two where necessary by their arguments. If the RAR order, they may simply be represented as an additional
imaging mechanism is linear, the variations of the clutter noise spectrum superimposed on the image spec-
(specific) backscattering cross section, a(r, t), can be trum discussed here. "
similarly decomposed into free wave components: We note that according to Equation 7,

a(r, t) a l + dk[m(k) exp(ilk • r - w1]) IR(k) = IR(-k) , (8)

+ complex conjugate] J , (2) in accordance with the reality condition for a frozen two-
dimensional surface, whereas ý (k), ( - k) and, similarly,

where the cross-section modulation, m(k), is linearly m(k), m(-k) refer to different time-dependent wave
related to •'(k) through a modulation transfer function components propagating in opposite directions and
(MTF), TR(k), which, therefore, are not related.

In terms of the directional wave spectrum FRk), de-
m(k) = TR(k) (k) (3) fined by

and a denotes the space-time averaged cross section. <•(k(k)(k')> = 6(k - ') F(k) (9)
The RAR MF, T(k), can be further decomposed into 2

tilt and hydrodynamic contributions: (where the angle brackets denote ensemble means) such

TR(k) = TV(k) + Th(k) . that

The tilt and hydrodynamic MTF's have been discussed <r2= > F(k) dA , (10)
in detail by various authors.' ""0 For the general the-
ory, however, we require only the net frozen surface and the frozen surface SAR image variance spectrum
MTF, TR(k), without invoking its decomposition into tilt PR(k) is defined by
and hydrodynamic components. We point out also that
although we present here a quantitative closed theory (IR*(k)IR(k')) = 6(k - kV)PR(k) , (11)
for the imaging mechanism as such, the details of the
hydrodynamic MTF required as input (and its possible with
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P )(1 2) qualitative description of the S,.,, spectrum, even in
PR,(k) cdk .(12) strongly nonlinear cases.

The above relations define all quantities needed to
the linear amplitude relations (Eqs. 3 and 7) translate write the general spectral nonlinear transfer expression.
into the linear relation with the exception of three autocovariance and covari-

(2 +ance functions, which are formed fromn quadratic prod-
Ptk) = 1[] TR(k)I F(k) + TR(-k)j F k)I ucts of the fields v and ,R at time lag. zero and finite

(13) spatial lag r:

Motion Effects f'(r) (v(x + r)v(x)>

We limit the discussion of motion effects to pure ve- e r
locity bunching. Higher order acceleration smearing can 3 !"(k)l T' (k)J- exp(ik r) dk (20)
be included in the general theory,' but it is usually
small and will be ignored here for simplicity. f R(r) = (It(x + r)IR(x))

Velocity bunching arises through the variable azimuthal
displacements, ý, of individual backscattering elements in , (t(k) I T (k)
the image plane caused by the spatially variable long-wave
orbital velocities. According to standard SAR theory, + h( - k) ITR( k) ) exp(ik , r) dA . (21)

/3v , (14) fR'(r) = (IR(x + r)v(x)) = 1-(F )T 1 (k)T (k)y

where v is the range component of the local long-wave + F( -k)TH ( -k)*T' (-k) exp(ik . r) dk
orbital velocity advecting the small-scale backscattering (22)
element, and THE CLOSED NONLINEAR SPECTRAL

13 = p/U, (IS) TRANSFORMATION RELATION
The general nonlinear spectral transformation relation

where p is the slant range and U is the platform velocity, derived in Ref. 8 is presented in two forms: as a closed
For displacements that are small compared with the nonlinear integral transform expression, and as a power

characteristic wavelength of the long waves, the velocty- series expansion. The general integral form does not lend
bunching mechanism can be linearized and described by itself readily to computation by fast transform techniques,
a velocity bunching NITF: whereas the terms of the power series expansion can be

evaluated individually by fast Fourier transforms. Thus,

T "b(k) = - i `3k, T (k) , (16) the expansion form can usually be computed more rapid-
ly. The decomposition into a series also provides a clearer

where the orbital velocity MTF is picture of the interplay of the various lin( and non-

Sk, linear imaging mechanisms in the formation of the final
T v(k) = sin 0- + i os) (17) image.s k/ The transform was computed both by direct integra-

eSAR i s tion (using a lower resolution representation of the spec-
The S image spectrum is then given by the linear ex- trum) and by the fast Fourier transform expansion
pression method. The results were essentially identical.

P s(k) T' ½[T(k) IF(k) + ITs(k)'F( -k) I The closed integral expression has the form
(18) ,

(P(k) = (27r) 2exp[-k2,1' 2lI drte '4 'exp[k-,30f'(r)l

where the net SAR MITF is X I I + fR(r) + ik,O[fR'(r) - fR'(-r)]

Ts(k) = TR(k) + T "(k) . (19) + (k,03) 2 [fRl(r) - fR'( 0 )] LfR((-r) -

The index S refers here and in the following to the SAR f(o)] I, (23)
image, including motion effects, while the index R refers, where
as before, to the frozen surface RAR image.

The lii ear theory has only limited applicability. As (24)
will be shown later, it breaks down in all cases, even for
low sea states, for high azimuthal wave numbers. The is the root mean square azimuthal displacement.
general nonlinear transformation expression presented The power series expansion is obtained by expanding
in the next section yields, to lowest order, a simple quasi- the second exponential factor in Equation 23. (it is the
lhieai gc~icraliza*:,3n of Equation 18 containing an ad- dependence of this factor on k2 that destroys the other-
ditional nonlinear azimuthal cutoff factor. This is found wise straightforward Fourier transform structure of the
to be quite widely applicable and provides a reasonable integral.) One obtains a series of the form
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S2,1 Since only Fourier transforms are invoked, the corn-
Ps(k) = exp(- k2') E • (k, 3) "'P, (k) putations are relatively fast. The complete transforma-

n,, n ,,•2n - (25) tion can be computed in less than I s on a ( RAN 2. (The
computations could also be carried out efficientlý on a

where the index n indicates the order in nonlinearity with personal computer with hard-wired fast Fourier trans-
respect to the input wave spectrum, and the index ?n the form.) Good convergence is normally achieved even for
order with respect to the velocity-bunching parameter strongly nonlinear spectra for n - 4 to 6. The contribu-
0 (which is seen to occur always in combination with tions from the higher order terms are concentrated main-
the azimuthal wave number k,). ly in the neighborhood of the (normally not very im-

Explicitly, portant) azimuthal cutoff regions.

s ,As a check, the integral (Eq. 23) was also evaluated
Pf,, = Sn IfV(r.)"l I(26) directly. The wave-number coordinates were transformed

to frequency-direction coordinates, and the integral was
= iifR(r) -- f(R--r)lf' (r)' ) computed using the relatively low resolution of the wave

P,., - I (fn - 1 model (30* directional resolution and a logarithmic ftre-

(27) quency discretization with Aw/w = 0.1). The computa-
tion time was comparable with the fast Fourier transform
expansion method, and the results were virtually identical.

P, f2 ( fR (r)f (r)" n An important feature of the expansions 25 and 30 isI)_ (n- I!the occurrence of the common (nonlinear) azimuthal cut-
off factor

+ -2)! [f() -'f(0)] C = exp(-k,2'-) . (31)

X ffR, -r) -f'(O)]fr(r)"2
3  , (28) Without inclusion of this azimuthal cutoff factor, the
) straightforward linear approximation F'(k) must al-

where 9, denotes the Fourier transform operator ways break down at high azimuthal wave numbers, even
for low sea states, since real wave spectra, and therefore

= (27r) dr exp(- ik • r) (29) also Fs, decay as a power of the wave number at high
j wave numbers, rather than exponentially, as required by

Equation 30.
and n runs through all positive integers 1, 2 ..... For In contrast, the lowest order quasi-linear approxi-
nonpositive integers, the factorial function is defined as mation
0! = 1 and [(-l)!]- 0. We have left out a term
P01, in the sum representing an irrelevant 6-function Ps(k) = exp(-k, ' 2)P'(k) (32)
contribution at k = 0 arising from the mean image in-
tensity. of Equation 30, with inclusion of the nonlinear azimuthal

Summation over the velocity-bunching index m for cutoff factor, remains a valid approximation for the en-
fixed nonlinearity order n yields a stratification of the tire spectrum. In practice, Equation 32 was found to
expansion with respect to the nonlinearity only: yield a reasonable quantitative approximation for about

halt the SEASAT and tEWlix SAR spectra studied in Ref.
Ps(k) = exp(-k2') 15 and by C. Briining and L. F. Zambresky (personal

I )communication), and was successful in capturing the
x (Pý (k) + PM (k) + . . . P (k) + .... (30) qualitative features of the SAR spectrum in all cases.

If applied as a first approximation in the inverse map-
The linear term, P•, is found to be identical (as it must ping problem, the quasi-linear form can be immediately
be) to the linear SAR spectrum of Equation 18. inverted analytically (for given k'). The solution can then

The computation of Ps(k) according to Equations 25 be used to construct a general iterative inversion method
or 30 involves three steps: for estimating wave spectra from observed SAR spec-

1. Computation of the three autovariance and covar- tra.' The method gave good convergerice in both linear
iance functions f '(r), f R(r), and f R`(r) using the Fou- and strongly nonlinear cases.
rier transform relations 20, 21, and 22. The existence of a common azimuthal cutoff factor

2. Computation of the various covariance product (Eq. 31) acting on all terms of the spectral expansion
expressions in Equations 26 through 28. (Eq. 30) has a useful practical application. Since the cut-

3. Computation of the Fourier transforms of the co- off scale ý' can be readily determined for any S'\R spec-
variance product expressions, yielding the series 25. (If trum, regardless of the details of the nonlinear imaging
ihere is no need to stratify the expansion with respect process, it provides a robust estimate of a useful integral
to nonlinearity order, the covariance products of differ- wave parameter: the root mean square orbital velocity
ent nonlinearity order n for given velocity-bunching or- component in the range direction.
der m can be collected together and Fourier transformed It is of interest that Beal et al.," Lyzenga,' and
in a single operation.) Monaldo and Lyzenga't have already noted empiri-

120



a 1 R P? U' a I p. t % , Spc IIIta I t a det ,

cally that the observed azimuthal cutoff scale appeared hindcast using the w.-Al third generation vwave model.'
to be proportional to the total root mean square orbital Comparison of the hindcast wase fields with wxave-buoy
velocity integrated over the entire long-wave spectrum observations indicated that the hindcast was acceptable
(or some similar integral wave parameter). Previously, as a first guess, although some systematic deviations were
this finding had been difficult to interpret theoretically. found (cf. Fig. I). The cases were selected from larger
The frequently used SAR two-scale model, in which an data sets that were analyzed as part of a more extensive
additional scale separation is introduced at the SAR reso- wave hindcast study (C. 3rfining and L. F. Zambresky,
lution scale, yields an explicit azimuthal smearing given personal communication).
by the so-called "velocity spread" term (cf. Refs. I and The principal SAR parameters of the two runs are list-
19). This is determined by the subresolution scale con- ed in Table 1. The polarization was horizontal-horizontal
tribution to the root mean square orbital velocity, i.e., and the look direction to the right for both runs. The
by the integral over only the high wave-number tail of damping factor and wind input modulation term in the
the long-wave orbital velocity spectrum. Tucker" com- hydrodynamic Ntrr were set equal to zero. The images
puted the effect of this smearing and obtained a filter for both runs were taken over essentially the same wave
function that was identical to our form C(Eq. 31), but field, but the two sk flight directions were opposite,
with E' replaced by the root mean square azimuthal dis- and the aircraft altitude and thus the 03 parameters (po/U)
placement (the velocity spread) arising from only the differed by a factor of nearly two.
short subresolution scale waves. The present closed trans- Figures 1 and 2 compare the observed and computed
formation theory indicates that the nonlinear velocity SAR spectra for the two runs. The two rows in the
bunching from the longer waves must also contribute
to the azimuthal smearing, and that the net effect of both
short and long waves can be expressed very •imply by Table 1. SAR parameters for two LEWEX runs on 14 March 1987
the azimuthal cutoff factor C-in accordance with Beal at the Tydeman (50*N latitude. 45°W longitude); the flight speed
et al. 16 and Lyzenga's 5 findings, was 128 mis and the incidence angle was 52*.

Flight Slant Range-to-
APPLICATION TO LEWEX Time direction Altitude range, p velocity

As an illustration, we apply the transform relation to Run (UT) (deg) (in) (in) ratio, 03
two LEWEX cases. The input wave spectra for the trans- 1 1219 89 3688 5990 46.8
formation computations were taken from the observed 2 1259 270 6096 9902 77.4
directional wave buoy (Wavescan) data and from a wave

Hindcast waves Computed fully nonlinear Computed quasilinear Observed SAR spectrum
Fn,= 2.18 Fmax = 27.8 Fmax = 29.5 Frnax 2,72 x 10-3

0.15

0
.0 0
2

-0.15
-0.15 0 0.15 Monte Carlo

Observed Wavescan Computed fully nonlinear Computed quasilinear simulated spectrum
F =ax 0.923 Fmax = 17.0 Fnaxi= 16.7 Fmax = 17,0

0.15

.• 0

0

E

--0.15

-0.15 0 0-15
Wave number (rad/m)

-0.5 0 0.5 1.0

Figure 1. Hindcast (top row) and observed (Wavescan, bottom row) wave spectra together with computed SAR spectra for LEWEX
run 1 over the Tydeman, 1219 UT on 14 March, The observed SAR spectrum is shown in the top right panel. The bottom right
panel shows the Monte Carlo simulated SAR spectrum for the Wavescan wave spectrum. The aircraft flight direction is in the x.
direction. Spectra are normalized with respect to the maximal spectral density Fm,, (given in units of M4 ).
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Hindcast waves Computed fully nonlinear Computed quasilinear Observed SAR spectrum
Fmax = 2.23 Fmax 40.6 Fma, = 45.4 Fmaý, 7.06 × 10-3

0.15

0

E

-0.15
-0.15 0 015 Monte Carlo

Observed Wavescan Computed fully nonlinear Computed quasilinear simulated spectrum
Fmax 0.974 Fnax= 28.6 Fmax 26,9 Fax = 28.4

0.15

*0

E

-0.15
-0.15 0 0.15

Wave number (rad/m)
-.0.5 0 0.5 1.0

Figure 2. Same as Figure 1 but for LEWEX run 2 over the Tydeman, 1259 UT on 14 March. The aircraft flight direction is opposite
that of run 1. Coordinates are defined as before in the aircraft frame.

figures correspond to different input wave spectra, 4. The theoretical SAR spectra agree reasonably well
shown in the left column. The Monte Carlo computa- with the measured SAR spectra in all cases. This, together
tions are shown only for the Wavescan spectra (second with the features listed above, underlines the need for
row). a first-guess input wave spectrum and the application

Several features are apparent: of quantitative nonlinear mapping computations for the
1. The SAR wave image spectra show little resem- meaningful interpretation of measured SAR spectra.

blance to the (symmetrized) input wave spectra. This is, 5. The quasi-linear approximation (Eq. 32) yields a
of course, a well-known feature of SAR spectra. But per- good first-order description, perhaps not surprising in
haps it has not always been fully appreciated that the these examples of relatively linear, predominately
distortion can be pronounced not only for azimuthally range-traveling waves.
traveling waves, for which the nonlinearities are large, 6. The closed nonlinear transformation relation and
but also for relatively linear range traveling waves, as the Monte Carlo computations yield essentially identical
in these examples. results. The small deviations between the Monte Carlo

2. The azimuthal cutoff is well defined and occurs method and the closed integral computations near the
at a lower wave number for the higher altitude flight, azimuthal cutoff line can probably be attributed to the
as expected. analytical Phillips form of the high-frequency tail of the

3. The sAR spectra show evidence of some azimuthal spectrum used in the Monte Carlo computations as op-
asymmetry relative to the SAR look direction that is not posed to the modeled spectrum in the closed integral
apparent in the original wave spectra. The asymmetry computations.
depends on the wave propagation direction relative to The distortions of the SAR spectra relative to the wave
the SAR look direction. In run 1 (Fig. 1), waves in the spectra can be explained rather simply by the structure
top right quadrant are enhanced relative to the waves of the SAR MTW, Equation 19. The azimuthal asymmetry
in the top left quadrant, whereas in run 2 (Fig. 2), waves is produced by interference between the frozen surface
in the bottom right quadrant (corresponding to the top and velocity-bunching MTF'S. The frozen-surface MlTF is
left quadrant in the 1800 rotated spectrum of Fig. 1) are symmetrical about the look direction, whereas the velo-
enhanced relative to the bottom left quadrant. The fact city-bunching MTF is antisymmetrical (cf. Eqs. 5, 6, 16,
that the asymmetry depends on the SAR look direction- and 17). Thus, while the square modulus of each MTF,
in both the simulations and the observations-is a clear taken by itself, is symmetrical about the look direction,
indication that it represents an artifact of the imaging the square modulus of the net complex SAR MTF, consist-
and is not a real feature of the wave spectrum. ing of the sum of both MiTf's is, in general, nonsymmet-
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ricai. It follows, moreover, that a change in sign of the order terms and arises from the product of the factor
look direction interchanges the enhanced and attenuated (k,3)" with the exponential azimuthal cutoff factor C.
lobes of the wave spectrum, as seen in Figures 1 and 2. CONCLUSIONS

The interference between the frozen surface and the
velocity-bunching modulation can be identified explicitly A new, closed, nonlinear, integral transform relation
in the expansion (Eq. 25). The relevant spectral distribu- describing the mapping of a two-dimensional surface-
tions are shown in Figure 3 for run 1, The first term, wave spectrum into a SAR image spectrum has been
C • PSo (n = I, m = 0) (Fig. 3A), represents the fro- presented and discussed for two i.EviwEX examples. The
zen surface contribution (but with the inclusion of the new transform relation offers a number of advantages.
azimuthal cutoff factor C). It is positive everywhere and It is rapid and accurate enough to be applied routinely
reproduces the approximately symmetrical distribution to the processing of quasi-continuous operational satellite
of the wave spectrum about the s#,R look direction. The SAR data. It offers a simple approach to the inverse
second term, C • (kOj)PSl (n = I, m = 1) (Fig. 3B), problem of inferring the optimal wave spectrum from
represents the quadratic interference between the frozen a measured SAR spectrum for a given first-guess wave
surface and velocity-bunching transfer functions. It is spectrum (cf. Ref. 8). By expanding the integral trans-
asymmetrical, alternating in sign between quadrants. The form in a Fourier transform series, it provides a clearer
third term, C - (k, 1)

2P•2 (n = 1, m = 2) (Fig. 3C), insight into the details of the mapping mechanisms. The
represents the pure (quasi-linear) velocity-bunching term, expansion yields separate spectral contributions for the
without the RAR contribution. It is positive and sym- frozen-surface (RAR) modulation term, the linear
metrical. The sum of the first three terms yields the quasi- velocity-bunching mechanism, the linear interaction be-
linear SAR spectrum, Equation 32 (Fig. 3D), which is tween the two, and the higher order nonlinear velocity-
shown also in the corresponding panel of Fig. 1. The bunching interactions and distortions. The azimuthal
asymme'ry of the quasi-linear spectrum is seen to arise smearing caused by nonlinear velocity-bunching effects
from the interference term. Asymmetries occur in general can be expressed very simply as an exponential cutoff
in all higher order, odd-m terms of the expansion (e.g., factor that applies to all terms of the expansion.
Figs. 3E and 3F), contributing to the asymmetry of the The LEWEX examples demonstrate that SAR ocean-
final nonlinear sAR spectrum (Fig. 3H). Figure 3G (m = wave imaging theory is in good agreement with measure-
10) is an example of a higher order symmetrical spectral ments. The SAR spectra can differ strongly from the in-
term. It exhibits a pronounced concentration along the put wave spectra so that a general quantitative interpreta-
azimuthal cutoff line that is characteristic of all higher tion of SAR image spectra in all cases is possible only

A RAR image B Interference term C Velocity bunching image D Ouasilinear image
Fmax = 25.9 Fmax = 6.80 Fmax = 18.1 Fmax = 295

0.15

0-0
E

-0.15
-0.15 0 0.15

E kx 3 term F kx
9 term G kxW term H Fully nonlinear image

Fmax =0.475 Fmax =1.53 x 10-'2  Fmax =9.45 x 10-1 Fmax =27.8
0.15

S0
E

-0.15

-0.15 0 0.15
Wave number (rad/m)

-0.5 0 0.5 1.0
Figure 3. Contributions of various spectral expansion terms to the SAR spectral image for LEWEX run 1. Note the asymmetry about
the look direction induced by the terms with odd m (k, powers). The dominant asymmetry arises from the linear RAR velocity-
bunching interference term (m = 1, n = 1).
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with the aid of exact nonlinear transform computations Il'cinln K , ili lia ýnla.n (SI \,rn1rcti; \appilloa,r (Ca t n-w
and a reasonable first-guess wave spectrum derived from "Soc Specirumt nsri 'AR lInr SevrNxruin sii Ii, i s s'r

a model. The quasi-linear SAR image spectrum (the linear co I' ' ehý Re i i Isnrt i s*~.-
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nevertheless provides a good quantitative approximation (Ae'urllre Il8,I -l(t
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REMOVAL OF 1800 AMBIGUITY IN SAR
IMAGES OF OCEAN WAVES

Conventional methods for estimating directional wave spectra from an image of the sea lead to sym-
metric spectra, where the true wave directions are ambiguous by 180'. By using a time sequence of im-
ages, however, the ambiguity can be resolved. Building on previous results from shipboard navigation
radars, the methodology is extended to multilook, airborne synthetic aperture radar imagery obtained
during the Labrador Sea Extreme Waves Experiment.

INTRODUCTION
A conventional Fourier transformation of a real im- are defined by the two-image wave number components,

age of a wave pattern produces a radially symmetric and the third is defined by the frequency distribution, de-
spectrum, with the direction of the wave propagation rived from the time sequence fl (k,. k,, w). the corre-
ambiguous by 180*. The ambiguity in a single image is sponding vector in Fourier space. Thus, the wase-image
generally resolvable only by imposing external assump- gray-level field may be written as a discrete Fourier series.:
tions. A time sequence of such images, however, pro-
vides sufficient data to remove the ambiguity completely. g(r) G(f1)exp(fl r)

Before LEWEX, multidimensional methods were devel-
oped and applied to the analysis of a time series of wave
images from shipboard navigation radars Atanassov et The Fourier coefficients G(0) on the right side of Equa-
al.,' using two images sampled at a time interval --, tion I are calculated by a three-dimensional fast Fourier
showed that the ambiguity could be removed for wave transform
numbers k restricted by 0 < k < 7r2/gr2 , where g is
the gravitational acceleration. Young et al.2 extended I
the method, using a three-dimensional description of the G01) T(L, L rg( )expl - i(fr , r , (2)

ocean wave field, where the third dimension is derived
from a time series of images of the evolving wave system. where Tis the observation time, and L, and L, are the

If the time series of a wave pattern comprises a se- spatial dimensions of the image. The components of the
quence of single images, each covering an adequate area wave number-frequency vector fl are defined by
of the water surface, and if the images are separated by
a constant and sufficiently small time step, then the multi- k, = iAk, (i = O, 1,2.. 1)
dimensional analysis can be applied. The sampling re- k, = jAk, (j = 0, I, 2 ..... J)
quirements can be specified with adequate knowledge of w,, = n.,w(n = 0, I, 2 ...... . 3)
the dynamics.3 These techniques, already validated for
a ship navigation radar (see the article by Ziemer in this where Ak, = 27r/L,. Ak, = 2r/l,,, and .xw,, 2r, 7.
volume), are extended here to time-sequential (multilook) The sample space is a finite grid in x. v, and t, with grid
airborne synthetic aperature radar (SAR) imagery. The spacing Ax, Iv, and At, respectively. Here, the variables
method was successfully applied to two successive SAR im- k,, k,, and w, have Nyquist limits given by the spacing
ages by Vachon and Raney4 (see also the article by kN, = rid and w,,, =r/.It, with
Raney and Vachon in this volume). Rosenthal et al.-
demonstrated the application of the image-time-series Ax L,/I
analysis by using seven single looks from the signal do- Ay = L, /J
main of airborne SAR data. at TiN , (4)

MULTIDIMENSIONAL DESCRIPTION where d = Ax = A)' for a square, regularly sampled
OF A WAVE FIELD footprint.

We may describe a time series of an image wave pat- REMOVAL OF TWO-TIME-STEP
tern by its measured photographic gray level (or intensity) AMBIGUITY
as a function of the space-time vector: r (x, y, t). The AMBIGUITY
Fourier presentation of this three-dimensional field g(r) The technique described in Rcf. I uses two images sam-
is also defined over three dimensions. Two dimensions pled at successive time steps and separated by r - t .
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REMOVAL OF TIME-SERIES AMBIGUITY the directional spectrum obtained by omnitting the ei er-
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Its basis is a three-dimensional description of ocean
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given in Equation I1- From Equation 2, the normalized uous spectra fotr time sertes of ,AP images obtained (uring
image power spectrum is defined by t"(9l) G(1W . EV

The superscript (3) gives the dimension of the implied
Fourier space. The conventional (instantaneous) two- Ship Aircraft
dimensional sy-mmetric spectrum results from integra- radar A
tion over both positive and negative frequencies: parameterk parametersý

/Jiif) w4 .i~)(j, (7) Time domain N 32
0 2

T - 62
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Note: In th.: nime dotmait. .\ t the nuimber of tin-c Ntepk, Al is the
This method provides unambiguous results from w2 lerigill ilf a time step in .ecotnd'. and I is the totail obser~atioln time
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Figure 1. Spectra from the airborne synthetic aperture radar
(SAR) on 21 March at 1647 UT, showing the influence of integra-
tion limits on the SAR image spectrum. A. Conventional, am-
biguous spectrum resulting from summing over all frequencies. Figure 2. Spectra from three different sources near the Tyde-
B. Intermediate spectrum, calculated from a sum over all posi- man on 17 March at about 1200 UT. A. An asymmetnc ship ra-
tive frequencies, including the zero frequency. C. Final, unam- dar image spectrum from the Tydeman at 1316 UT. calculated
biguous spectrum, calculated from a sum over only positive from the sum over sixteen planes with positive frequencies. B.
frequencies, omitting the zero-frequency plane. Outer circles Airborne synthetic aperture radar image spectrum at 1308 U1.
are at 2ir/100 rad/m. Scales are linear in radiansimeter. calculated from the sum over all positive frequencies, includ-

ing the zero frequency. C. Same as B, but summed only over
positive freqci ,-;ses, excluding the zero frequency. D. Waves-
can buoy sp(.. :urm at 1200 UT, calculated by using the maxi.

gy in the zero-frequency plane. This spectrum contains mum entropy method. Outer circles are at 2w1100 radlm. Scales

a low-frequency cutoff at f = V-.½f (see Table 1), with are linear in radians/meter.
the directional ambiguity resolved for higher frequen-
,ies. The cutoff frequency f = 0.084 Hz corresponds
to a wave number k = 0.029 rad/m or a wavelength
X = 220 m. low-frequency portion of the spectra retains ambiguous

The second set of spectral estimates was obtained in components. Thus, for low wave numbers or long
more complex wave field conditions. The airborne SAR wavelengths, the two-time-step method may be prefera-
measurements were made over a 30-min period on 17 ble to the one used here. Nevertheless, the three-
March 1987 near I-NLMS Tydeman. Estimates from dimensional analysis can yield useful, unambiguous direc-
both the Wavescan buoy and various wave models sug- tional spectra from airborne SAR observations of the sea.
gested two opposing wave systems of sirrilar wavelength. The benefits will bc even more enhanced with long peri-
Figure 2 compares the unambiguous spectra obtained ods of observation.
from the shipborne radar (Fig. 2A) with two versions
from the aircraft SAR (Figs. 2B and 2C) and the Wave-
scan buoy (Fig. 2D). REFERENCES

Figure 2B includes the zero-frequency interval, and Atanamo% V., Rosenihal. \V,, and Ziemer, F., "Remoal of .-\mbiguit> of

is therefore ambiguous. Figure 2C is free of the 180° tao Dimen sanal Power Spectra Obtained by Pr.'-essing Ship Radar Images
of Ocean Waves" J. Geophvs Res 90W 1061-106' (1985)ambiguity, since the zero frequency is omitted from the Young, I. R., Rosenthal, W., and Ziemer. F "'A Three Dimensional Anal%-

integration. The opposing components of the spectrum si, of Marine Radar Imagn for the Determination ot Ocean a'.ae Dirction.

here show the complex structure of the opposing wave alit. and Surface Currenits" J Geophivs. Re.8. 90, 1049- 1099 1985 1
Ziemer, F,. /nitergchung zur quatirltt•,•ern &Rrinoiwr :weidnieristonaler Six..systems, as verified by the Wavescan buoy (Fig. 2D). gartgspeiktren aurs Vh'essngen tni! nam.scheni Radar. (;KSS t-sierner Bercht

Thus, the FAR spectral estimate, when obtained by a se- 97 L 10 11986)-
c Vachon, P. WA., and Ranes, R. K., "Resolution of Ocean \\a•, Propagation

quence of images, shows a substantial rejection of the in Single-Pass Airborne SAR Imager%." in Prix" IGA.4RSV89.Svnp.. Vancou.
ambiguous components. \.r. B.C. (,Jul 1989)

Ro-enthal, W.. Zienicr, F., Raney. R. K., and \ a&hon. P. "RemoNal of W80'

CONCLUSIONS Ambiguitv in SAR Iniag- ,f Ocean kawe,," in Pr!•,•. (MR5S',W Sinmi. Van.
:ou.er, B.C. (,al 19891).

The results of this study demonstrate that asymmetric
(true) wave image spectra may be obtained from airborne ACKNOWITDGIENTS The we'n ndwrdial looks o1 ihe S-R mci

SAR measurements. The examples presented suggest that, -urcmenis wiere provibed to the authors hy Keiih kaney and Paris Vacmhon, hoih

because of a relatively short SAR observation time, the from the Canadian (entre for Re-moic Sensing In ()ilaia.
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GEOSAT WIND AND WAVE MEASUREMENTS
DURING LEWEX

During the Labrador Sea Extreme Waves Experiment (LL-WAX), the Geosat altimeter provided mea-

surements of wind speed and significant wave height over a broad region. Although the Geosat wind
estimates are not significantly biased from the LEWEX common winds (- 1 m/s, averaged over the en-
tire experiment), Geosat often reveals a spatial structure in the wind field that is absent in the modeled winds.

INTRODUCTION
In the realms of remote sensing of the oceans and estimated to have a I-a accuracy of 1.7 m/s for wind

ocean modeling, we constantly search for absolute speeds up to 20 m/s (Ref. 3); above 20 m/s, the al-
"ground truth" to measure the accuracy of a given in- gorithm has not been adequately verified.
strument or model prediction. Unfortunately, no perfect The SWH is determined from the slope of the
yardstick exists by which any geophysical estimate can altimeter-returned pulse. A smooth sea produces infinite
be assessed exactly. Efforts continue, however, because slope; as the surface roughens, the slope decreases.4

comparisons between various data sets can give insight Geosat wave height measurements are estimated to have
into the inadequacies of each data set. Often, several a 3-a accuracy of 0.5 m. Both wind speed and wave
different sources of data are needed to describe or pre- height are measured every 0.1 s (0.67 km) along the
dict adequately the edicts of nature. ground track.

In this context, the Labrador Sea Extreme Waves Ex-
periment (LEWEX) was designed to include as many tech- GEOSAT DATA DURING
niques as possible to measure both the directional and THE EXPERIMENT
nondirectional properties of the wind and wave fields. Originally, the Geosat contributions to LEEWEX had
The only spaceborne instrument yielding wind and wave two important aspects: to provide "near-real-time" wind
estimates during LEWEX was the Geosat altimeter, built and wave estimates to serve as a planning guide for the
by The Johns Hopkins University Applied Physics Lab- experimenters aboard the CFAV Quest and HNLMS
oratory, which provided global estimates of wind speed Tydeman, and to demonstrate how quickly Geosat data
and wave height from early 1985 to early 1990. This ar- could be provided to scientists in the field. Before
ticle discusses the Geosat wind speed and wave height LEWEX, no attempt had been made to provide near-real-
measurements collected during LEWEX, and compares time data to an ongoing field experiment. In practice,
those wind speed measurements with the LEWEX coM- Geosat data were provided to the LEWEX site between
mon winds along the Geosat subtrack (see Cardone, this twelve and twenty-four hours after the measurement.
volume). Since Geosat data are received and digitized on sensor

data records (SDR) at APL, the raw data could be ob-
THE GEOSAT ALTIMETER tained immediately after being released from the receiv-

The Geosat altimeter operated in an 800-km orbit ing station. After processing, the data were telefaxed to
from March 1985 to January 1990, measuring (among the experiment site. This near-real-time transmission of
other things) significant wave height (SWH) and wind Geosat data took place for five days during LEWEX.
speed on the ocean surface. The altimeter laid down a Processing of the SoR at APL included editing accord-
ground track pattern that repeated every seventeen days, ing to on-board "data-quality flags," computing I-s
with about 145-km spacing betveen ascending crossings averages of wind and waves, and computing latitude and
at the equator. Between one and three ascending or de- longitude from Keplerian elements. The near-real-time
scending ground tracks were laid down in the LEWEX re- ground tracks computed from SDR Keplerian elements
gion each day. are accurate to a few kilometers. The results presented

Wind speed is derived from the altimeter measure- here, however, use an improved Naval Aeronautics
ments of backscattered radar cross section (RCS) by ap- Group ephemeris to achieve an accuracy of a few meters.
plying an empirically determined algorithm. The wind Typical examples of the data products transmitted in
speed affects the sea surface roughness, which in turn near-real-time during LEWEX are shown in Figure 1.
modulates the RCS. In this work, a modified Brown al- Note the strong inverse correlation between radar cross
gorithm' was derived by applying a cubic spline fit at section and wind speed, and the strong direct correlation
0.2-dB intervals. 2 Geosat wind speed measurements are between wind speed and SWH. These data were mea-
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lar track on 18 March 1987. A. Radar cross section (dB). 8. Wind E 16-20 m/s
speed (m/s). C. Significant wave height (m). 60 N >20 rns

sured on 18 March 1987 along a track that passed to r5o
the east of both the Quest and the Tydeman.

Unfortunately, only two Geosat ground tracks were
sufficiently close to the ships during LEWEX to be use-
ful in the planning activities. Geosat proved most useful .p 40

in accurately revealing the complex spatial structure of
the wind and wave field. Figures 2 and 3 show composite
mean wind speed estimates from I 1 to 20 March, and
Figures 4 and 5 present the corresponding composite 30

swH. Each value represents an average over 15 s along 803

the track. Geosat passed over ;egions of high winds and 70 0
waves around 40*N, 50*W and 53"N, 45"W. A smaller 60 50

area of winds at 16 to 20 m/s also can be seen near 38"N, West longitude (deg)

38"W. The space-time sampling of Geosat was too Figure 3. Composite map of ascending ground tracks show-

coarse to track individual storms. ing wind speed (m/s) for 11-20 March 1987.

The highest wind measured by Geosat was 25 m/s,
but most winds were below 16 m/s for all eleven days. Geosat winds at the center of the 15-s average were
The highest swH measured was 10 m (see Fig. 1). No compared with th, LEWEX winds at the nearest grid
pass came close enough to the experiment site to allow point, resulting in a maximum spatial separation of
extensive direct comparisons with the other instruments 140 kin. All comparisons were simultaneous within three
used during LEWEX. hours. Over the ten-day period from 10 to 20 March,

twenty-six Geosat tracks permitted 702 comparisons of
COMPARISON: GEOSAT WIND SPEEDS Geosat wind speed with model wind speed.
AND LEWEX COMMON WIND FIELDS Comparisons from nine of the twenty-six tracks ana-

The LEWEx common wind fields (referred to hereafter lyzed are shown in Figures 6 through 8. Geosat track
as the model winds) were produced by Cardone (this vol- positions for the midpoint of a fifteen-point average,
ume). The wind field was provided at six-hour intervals along with the grid points chosen from the model, are
over the region from 20*N to 67.5"N and 20*W to shown in the upper half of each figure. The means of
80*W. For comparison, Geosat data were averaged over some Geosat and model winds differ substantially, but
15 s or 100 km along track, about the same scale as others are in good agreement. For example, in Figure
Cardone's coarse model grid. 6C (bottom), both estimates agree within about ± I m/E

129



E. B. Dobson and S. P. Chaykovsky

1-2m 0-1 m
2-3 m 1-2 m
3-4 m 2-3 m

S4-5 m 3-4 m60 , ,= 5--6 m n 4-5 mn
S"-60 5-6 mr

60 500

West longitude (deg)704

6505

West longitude (deg)

Figure 4. Composite map of descending ground tracks show- Figure 5. Composite map of ascending ground tracks show-
ing significant wave height (in) for 11-20 March 1987. ing significant wave height (in) for 11-20 March 1987.
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Figure 6. Plots of Geosat ascending tracks and model points closest to track points. A. 12 March at 1100 UT. B. 13 March at
0920 UT. C. 14 March at 1029 UT. Bottom: Corresponding plots of Geosat wind speed (blue), model wind speed (red), and signifi-
cant wave height (green).

between 40°N and 50°N but differ by 3 to 5 m/s be- the Geosat tracks indicate that a 5007o decorrelation oc-
tween 35°N and 40°N. curs anywhere between 150 and 700 km. Monaldo 5

The time and spatial differences between compared found that hourly measurements of wind speed from two
estimates from Geosat and the model winds contribute National Data Buoy Center buoys were essentially uncor-
to the differences between the two data sets. Thus, even related after six hours and that at least a 1.3-m/s change
if both data sets were identical, some differences would could be expected between wind speed measurements
result simply from the lack of interpolation. Computa- made two hours apart. Even so, the time and spatial dif-
tions of the wind speed autocorrelation functions along ferences between these LEWEX comparisons (three hours
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A 15 March 1987 B 17 March 1987 C 18 March 1987
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Figure 7. Same as Figure 6, except for. A. 15 March at 0958 UT. B. 17 March at 1106 UT. C. 18 March at 1036 UT.
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Figure&8 Same as Figure 6, except descending tracks for: A. 17 March at 0052 UT. B. 18 March at 0020 UT. C. 18 March at 0220 UT.

and 100 km) cannot account for all of the differences both estimates are increasing with latitude, but Geosat
observed. shows a much steeper gradient than the model. This ex-

In Figure 6 (bottom graphs), the trends of the mea- ample of higher- frequency spatial structure is typical of
surements are, in general, the same, but the differences the Geosat wind estimates and may be an indication of
in magnitude are quite large at certain locations. For ex- small-scale features not captured in the model. The Geo-
ample, in Figure 6B (bottom) between 50*N and 55"N, sat SWH estimates usually correlate well with the Geosat
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wind speed estimates. In Figure 7 (bottom), the Geosat only model wind speeds greater than 10 m/s. The results
winds are substantially higher (often greater than 2 or are shown in Table 2. Model winds greater than 10 m/s
3 m/s) than those of the model. No attempt was made were biased high by 1.5 m/s, whereas the rms difference
to smooth the model or Geosat data along the track, for all 215 points dropped to 2.5 m/s. Again, the rms
thereby accounting for the jagged nature of the data. error in Geosat wind estimates is 1.7 m/s, so rms differ-
Figure 8 shows three more comparisons. In Figure 8A ences of 3.4 and 2.5 m/s may not be significant.
(bottom), both estimates track well (usually within 1 The exact error structure in the LEWEX common winds
m/s), but in Figures 8B and 8C (bottom), the differences cannot be determined with a single set of Geosat esti-
approach 5 m/s over substantial regions along the pass. mates. Comparisons with ship measurements (see Zam-
Figure 8C (bottom) indicates that the model winds are bresky, this volume) showed that on some days during
biased high on this day in the northern portion of a LEWEX, the model/ship rms differences in specific
storm to the southwest of LEWEX (45"N to 50*N). regions ranged from 5 to 10 m/s, and the mean differ-

For a statistical measure of the average disagreement ences ranged from 0 to + 2.7 m/s. We recognize, of
between Geosat and the model wind speed estimates, course, that measurements obtained from ships of op-
Table I shows mean and rms differences for 692 corn- portunity can have large errors (see the article by Pier-
parisons along twenty-seven Geosat tracks. Mean differ- son, this volume), but if even a portion of this error is
ences along a single pass range from - 5.1 to + 3.2 m/s. due to the model winds, then the differences between
The range for rms differences is from 1.0 to 6.6 m/s. Geosat and the model are probably not significant when
The number of points in each computation is given in averaged over the entire experiment. Nevertheless, a sig-
the last column. For all days, the mean difference was nificant amount of spatial structure in the wind field
- 0.6 m/s, and the rms difference was 3.4 m/s, using 692 clearly exists, although it is entirely missed in the model.
data points. To determine whether greater bias at higher
wind speed exists, we repeated the computations using CONCLUSION

We have presented the wind and wave fields as
estimated by Geosat during LEWEX. Geosat wind speeds

Table 1. Statistical comparison of model wind speed esti-
mates minus Geosat wind speed estimates.

Mean RmsDate difference difference Number of Table 2. Statistical comparison of model wind speed esti-
mates minus Geosat wind speed estimates for model winds

(March 1987) (m/s) (m/s) points greater than 10 m/s.

12 - 1.39 4.38 32 Mean Rms
12 1.22 4.05 20 Date difference difference Number of
12 -2.11 1.73 30 (March 1987) (m/s) (m/s) points
12 -0.09 4.86 23
13 -2.45 3.09 27 12 3.2 3.53 12
13 3.06 6.58 23 12 2.1 3.11 18
13 -1.53 1.19 3 12 3.1 4.2 13
13 -1.55 2.80 37 13 -2.0 3.3 11
13 2.06 0.99 4 13 6.3 5.7 15
14 -2.43 3.06 14 13 -0.7 0.03 2
14 -0.67 2.88 39 13 0.8 2.3 14
14 -5.11 3.43 17 13 2.1 1.0 4
14 -3.75 2.64 37 14 2.1 1.92 3
15 -1.58 2.84 37 14 0.3 2.2 18
15 -4.31 5.60 29 14 -2.3 0.4 4
15 -0.17 2.11 29 15 1.8 1.4 11
15 1.23 4.24 27 15 -0A1 0.6 6
15 1.64 2.12 17 15 4.3 3.0 15
16 0.31 3.11 37 16 3.5 2.1 13
17 -3.21 4.92 12 17 1.7 3.8 5
17 -2.37 1.92 38 17 4.2 0.7 2
17 0.09 2.58 35 17 1.1 2.9 15
18 -2.46 2.78 35 18 -3.4 0.4 2
18 -0.49 2.57 14 18 1.8 3.0 5
18 1.08 2.67 27 18 - 1.1 0.7 2
18 0.73 3.20 37 18 2.8 2.5 5
18 3.17 4.16 12 18 4.1 0.8 5

All days -0.60 3.44 692 All days 1.5 2.5 215
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VINCENT J. CARDONE

THE LEWEX WIND FIELDS AND BASELINE HINDCAST

The wave modeling component of the Labrador Sea Extreme Waves Experiment (LEWEX) involved
wave hindcasts made with nine different spectral wave models, all driven by a common wind field. The
IEWEX common wind field is described, including a summary of the data and methodology applied,
a description of the principal wind systems responsible for the major wave systems observed in the LEW-
EX measurement array, and an assessment of the accuracy with which each wind system was specified.

INTRODUCTION

It is well established'-- that for a given spectral ocean introduces effects, such as differences in the boundary-
wave model, errors in model-generated integrated prop- layer model used. For example, in some models, the sur-
erties of the wave spectrum are highly correlated with face wind is actually derived as the wind vertically in-
errors in the forcing wind fields. For example, the growth tegrated over some arbitrary boundary layer depth, or
of the forecast wave-height scatter index wit', forecast as the wind at an ill-defined anemometer level. Some-
horizon tends to increase in proportion to the increase times, when surface winds are specified as part of a three-
of wind-speed scatter index with forecast horizon. A ba- dimensional objective analysis scheme used to initialize
sic difficulty faced by wave modelers, however, is that numerical weather prediction (NWrP) models, biases are
even with carefully reanalyzed winds, the baseline errors introduced "from above" (e.g., Unden4 described the
in the winds induce errors in wave hindcasts that are large undesirable effect of a nondivergence constraint on the
enough to mask errors associated with model physics or tropical wind analy~es of the European Center for Medi-
numerics. um-Range Weather Forecasts [EC.IwFI). Finally, the ef-

Surface marine wind fields are developed basically fect of atmospheric stability is often not considered, ei-
from conventional surface synoptic data, mainly tran- ther in the analytical scheme or in the interpretation of
sient ship reports. From these data, gridded surface pres- the individual observations. Since, in mid-latitudes, the
sure and air and sea temperature fields are derived by stratification (air-sea temperature difference) is organized
objective or subjective analysis; they are then used in spatially by the juxtaposition of synoptic-scale air masses
statistical or dynamical models to derive surface winds, over large-scale water masses, failure to account for
Some schemes also assimilate the ship reports of surface stratification introduces spatially correlated errors.
wind. Unfortunately, alternate methods used at different One relatively simple approach to the incorporation
forecast centers typically provide significantly different of stability was introduced by Cardone,5 who defined
surface wind fields from the same input set of observa- the "effective 20-m wind" and showed how to derive
tions (see Ref. 3 and Zambresky, this volume). Obvious- it with a marine planetary boundary layer (NIPBL) model
ly, the comparison of hindcasts from nine different wave driven by pressure and air and sea temperature fields,
models in the Labrador Sea Extreme Waves Experiment and from measured (anemometer) or estimated (Beau-
(LEWEX) is greatly simplified by the use of a common fort) ship winds. Recently, Cardone et al. 6 quantified
wind field. the errors in mean monthly surface winds derived from

Wind fields derived from marine surface data are sus- ship reports, introduced by failure to account for stability
ceptible to both random and systematic errors. Random and observation type.
effects arise in the failure of the observations themselves Even if it were possible to specify perfectly the average
to represent the time and space scales intended, because effective 20-m wind speed and direction every six hours
of short-term fluctuations (see Ezraty, this volume), large on the LEWEX grid, the wind fields might still be less
observation errors (see Pierson, this volume), and, in than perfect for wave modeling because of several still
most schemes, failure to differentiate measured and es- unresolved questions. These include the issue of whether
timated winds.3  friction velocity or wind speed is the more appropriate

Systematic errors are exhibited in wind speed and/or wind variable, and whether gustiness or mesoscale varia
directional biases over the whole of the field or at least bility needs to be resolved explicitly in specification of
over spatial scales large with respect to the spacing of the atmospheric input source term. Ultimately, the Nip`i1
the grid on which the fields are specified. These effects should be coupled with the wave model,- and the cou-
have four major causes: First, ship reports are concen- pled system should be driven by the external variables
trated along major shipping lanes, often leaving vast of the iPm.. These issues are not addressed specifically
areas devoid of observations, over which large and per- in this article. Rather, we have attempted to develop the
sistent biases are common. Second, the analytical method LEWEX common winds from the available conventional
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data, as augmented by special measurements in the
Ex array, in terms of time-averaged, synoptic-scale, ef-
fective 20-m wind speed and direction, making every ef- 60
fort to minimize the influence of the sources of the ran- .
dom and systematic errors noted earlier. i

In this article, we describe the generation of the t+-w- 1 o 50
EX common winds, including a summary of the data 1r ,
used, the methodology, the principal wind-field features I /, T
that affected the wave regime sampled in the LEWEX ar- 40 C-
ray, and an assessment of strengths and limitations of .
the modeled winds. 30

SPECIFICATION OF COMMON WINDS

Approach 80 .... 20
Our approach to the specification of the common 60 50 40

winds was consistent with the experimental design of West longitude (deg)
LEWEX, which was supposed to sample extreme waves
generated by typical extratropical cyclones for the region Figure 1. The coarse and fine grids used to specify LEWEX

and season. Extreme waves normally form near the East common winds. The position of the Tydeman is shown.

Coast of North America and move east-northeastward,
passing near or right over the LEWEX array. (Unfortunate-
ly, this situation did not occur during LENVEX, as discussed
later). Therefore, we adopted a grid system and method- MPBL Winds
ology that had been successfully applied in the same area The MPBL model used to provide objective winds was
in several extensive wave hindcasting studies designed to developed by Cardone5 and was later updated. "' It has
estimate the normal and extreme wave climate.',9 been used to diagnose and forecast marine surface wind

The method adopted 3 is a mixture of objective and fields from products of NWP models at several centers,
subjective analyses. The objective part consists of the including the National Oceanic and Atmospheric Ad-
calculation of surface winds from grid fields of sea-level ministration (NOAAl National Meteorological Center
pressure using a calibrated MPWL. The subjective part (NMCl), and the New Zealand Meteorological Service. The
consists of manually drawn kinematic analyses, applied model links the following external f-,'tors governing the
only to selected periods and areas. The kinematic anal- near-surface wind flow in a steady-stw,, horizontally ho-
yses are hand-gridded and then blended into the objec- mogeneous MPBL: latitude (Coriolis parameter, f), sur-
tive winds. Winds are specified on the nested grid system face roughness parameter (Zo), air-sea temperature dif-
shown in Figure 1. The extent of the coarse grid implies ference (Ta - T ), geostrophic wind vector (V,), and
exclusion of possible influences on the wave systems in horizontal temperature gradient (Ta).
the LEWEX array from generation sources in the far east- The surface roughness is calculated implicitly in the
ern or tropical North Atlantic and the Southern Hemi- model as a function of the friction velocity. The air-sea
sphere. The wind fields were developed before the de- temperature difference is supplied at each grid point
tailed analysis of the LEWEX wave measurements and, through a parametric dependence on the local geostroph-
of course, before the wave hindcasting experiments. ic wind direction, with typically negative (unstable) values
Most wave modelers ran experiments first with so-called for northerly winds and positive (stable) values for
forecast wind fields, which in some cases extended be- southerly winds, and varying continuously in between.
yond the domain of the common winds, and with results The horizontal air temperature gradient is specified as
suggesting the possibility that some of the low-frequency uniform over the entire grid and is taken from clima-
swell energy detected in the LEWEX array may have origi- tology for the North Atlantic in March.
nated outside the domain of the coarse grid. Of course, The pressure fields were specified as follows. First,
any such swell would not be modeled in the wave hind- six-hourly isobar analyses were obtained (hard copy)
casts driven by the common wind field, from several sources, including real-time charts produced

Kinematic analysis is a tedious, labor-intensive process at NOAA NMC (both their preliminary and final analyses
and therefore was applied only to the fine mesh grid (Fig. series), the Canada Atmospher;: Environment Service
1) and to all six-hourly map times between 1200 UT on Gander office real-time analyses, and charts produced
13 March and 1200 UT on 19 March 1987. The total at the Maclaren Plansearch, Ltd., weather office, Hali-
period that was modeled extended from 1200 UT on 9 fax. The NOAA final analysis was the main source, even
March to 1200 UT on 19 March, thereby allowing about though this analysis was a real-time product and was sub-
a four-day period for model spin-up before the first air- jected to some reanalysis to impose better continuity of
craft and surface wave measurements were acquired (13 pressure systems, smoothing of unrealistic gradients, and
March). Therefore, the common winds consisted entirely addition of intermediate isobars where necessary. The
of winds derived from pressure analyses (MPRL) for the final charts were each placed on an x-y digitizing table,
spin-up period on both coarse and fine grids, and on whereon the isobars, each pressure center location, and
the coarse grid throughout the period modeled. central pressure were digitized.
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The program that calculates the objective winds first tion of error through averaging of neighboring reports.
converts the digitized pressures to gridded pressures. At Figure 2 shows the total coverage of ship reports between
each grid point on the coarse and fine grids, a small cir- 13 and 19 March in the source region. These reports were
cle is constructed, containing seven or more points on available in real time, as not enough time had elapsed
isobars (or five or more points plus one high or low cen- between t _EwE.x and the production of the common
ter). A parabolota is fitted by the least-squares method winds (about four months) to use later ship report col-
to the pressures inside the circle. The pressure gradient lections that included additional ship data from foreign
at each point, calculated by centered differences, is then sources and data extracted from manuscript logs. During
entered to the MPBL along with the other required ex- t EwEx, swell observed in the measured data often ap-
ternal variables to yield the wind speed and direction at peared to originate outside the shipping lanes, and indeed
the grid point. The wind is defined as the effective neu- outside the domain of the fine grid, thereby minimizing
tral wind at a 20-m height. the influence of the high-quality wind data available lo-

Kinematic Winds cally (e.g, Tydeman).
All observed winds were reduced to effective 20-m-Where sufficient observations of the surface wind cx- height neutral wind speeds following Cardone et al. 3

ist, kinematic analysis carn provide more accurate wind hih eta idsed olwn adn ta.
fiest, ketianamBlysrisd cands, provide moreacuratet wind For transient ship reports, estimated (Beaufort) and mea-fields than rMPnL-derived winds, because effects not well sured winds were treated differently. The efficacy of this

modeled by single-point MPBL models may be captured. treatment was trated reently b y on t
Ths -fet nld ceeae lwcue ylre treatment was demonstrated recently by Cardone et

These effects include accelerated flow caused by large- al.," as shown in Figure 3. Failure to account for errors
scale spatial variations (e.g, curvature effects) or tern- in the operational Beaufort scale-wind speed equivalency
poral variations (e.g., isallobaric effects) in pressure gra- table (for estimated winds) and anemometer height and

dients, and the deformation in surface winds near and
stability (for measured winds) may easily induce system-

downstream of coasts. Also, the process of kinematic atic errors of up to 2 m/s for typical wind speeds and
analysis implies a thorough reanalysis of the evolution air-sea temperature differences. For the stationary plat-
of the surface wind-field pattern through time and space forms (buoys, ships, drilling rig), the correction of winds

in a limited area (i.e., the domain of the fine grid), and

the imposition of better continuity of wind-field features to a 20-m height was straightforward, given the anemom-

than afforded by a series of pressure-field "snapshots." eter height and air-sea temperature difference. For ex-

Through this process, the influence of high-quality mea- ample, at the Tydeman location, the anemometer height
was 3.5 m on the Wavescan buoy and 24.4 m on the

sured data may be propagated into nearby regions and vessel. Figure 4 compares the two series of adjusted
adjacent times that may be devoid of measured data on winds and the kinematic winds at the grid point near

a given map. When car led out by a synoptician experi- the Tydeman. The differences between the adjusted mea-

enced in kinematic analysis, the process is, in effect, a sured series probably are at least in part due to different

form of three-dimensional (space and time) assimilation avering irably M easu in frt Que were
of measured surface wind data into a background field averaging inter-vals. Measured winds from the Quest were
of MPBL windsu given less weight in the analysis because several large data

ofKMwindma ss. igaps occurred, and often the winds were suspected to
Kinematic analysis involves the following basic steps: be affected by ship superstructure interference (W. Neth-

(I) assembly, adjustment, and display of all available ectproa omncto,18)

synoptic observations of marine surface winds, as over-

lays on displays of previously calculated six-hourly MPBL WIND-FIELD EVOLUTION
winds; (2) identification and rejection of erroneous re- In this section, we describe the principal features of
ports, so far as possible; (3) construction of a continuity the LEWEX wind field and refer both to pressure analy-
chart that defines the movement of centers of action and
principal wind-field features such as wind shift lines and
isotach maxima; (4) construction of streamlines and iso-
tachs; and (5) gridding of wind speed and direction and
entering of same to a disk file. Inside the boundary of
the fine grid, kinematic winds override the MPBL winds. 0 50.

During LEWEX, wind observations were available T'
within the domain of the fine grid from the following
sources: (1) transient ships (six-hourly), (2) three NOAA 40 .
buoys moored on Georges Bank (hourly), (3) a drilling
rig moored on Grand Banks (three-hourly), (4) the re-
search vessel HNLMS Tydeman (recording anemometers 30
on both the vessel and the moored Wavescan buoy), and 802

(5) the research vessel CFAV Quest (hand-held anemom- 70 30

eter, four-hourly). 60 50 40

The transient ship winds are probably the least accu- West longitude (deg)
rate of this data set, but along the shipping lanes the Figure 2. Ship reports available for LEWEX pressure and wind-
coverage of reports usually allows some skill in the iden- field analysis between 1200 UT on 13 March and 1200 UT on
tification of grossly inaccurate reports and some reduc- 19 March. The position of the Tydeman is shown.
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A , times shown in Figure 6. The locations of the Quest and
f 15 15 - .- the Tdemaa. are very close to the coarse grid points at

Ralo 083°8302450N, 47.5W- and 50'N, 45*W, respectively. To relate
the wind-field features to the w,-ave systemns obser~ed to
evolve in the t twt measured wave data, we will refer

,,to the numbering system adopted by Gerling (this vol-
_ 7. . ume) and the nomenclature shown in Figure 8 of Beal

I (this volume).

01 • Wind System I (Dispersive Northerly Swell)
,, 0 5 10 15 ,,, 0 5 10 15 The first weather system of interest to i irw,,rx was the

Measured winds reported (mVs) frontal wave that formed near Cape Cod on 9 March.
C D D

15 15 r • • This cyclone moved east-northeastward and intensified,"-ndilerece 1. 13 Ran o 0_42 the center passing directly over the tEw, site (before
10l- .0 - ) the measurements began, however) late on 10 March;

it then moe nort-northeastward to the southern tip
. of Greenland on I I March. The strong pressure gradient

"-. between this cyclonc and a strong anticyclone over the
Gulf of St. Lawrence reinforced an existing area of

Cu , strong north-northwesterly flow over the Davis Strait
EZ E
0 0 10 1 u and the Labrador Sea, which had been established by

1 0 15 the previous cyclone on 9 March. This fetch zone there-
Measured winds stability corrected (mis) fore had a duration of more than 48 hours and maxi-

Figure 3. Comparison of monthly mean wind speeds in two- mum surface winds of about 20 m/s, even though wave
degree latitude-longitude squares of the South China Sea ship- generation was restricted somewhat by ice cover in the
ping lane (1965-84). A. Estimated and measured ship winds as Davis Strait and near the Labrador coast (see Fig. 2 of
reported. B. Adjusted estimated winds and reported measured
winds. C. Reported estimated winds and adjusted measured Beal, this volume). All hindcast models responded to this
winds. 0. Both estimated and measured winds adjusted. The wind-field system and showed a system of diminishing
mean difference and the ratio of points below the line to the dispersive northerly swell, which was the dominant sea
total points are given as well. (Reprinted, with permission, from state at the L.EWEX site on 11 and 12 March.
Ref. 6.)

Wind System 2A (Developing Northeasterly Sea)
According to most models, the northerly swell was still

T 20 '' running through the LEWEX area early on 13 March,

STwhen a strengthening northeast wind of 10 to 15 m/s
C 1j began to generate a developing northeasterly sea. These

northeasterly winds were driven by a tightening pressure
__ 0| _,_W,___es_____,__r'_, _,_-- gradient on the north side of the cold front that trailed

270 ,.the previous cyclone. A new cyclone that had formed
on this front on 10 March moved eastward for awhile,

1then turned northward and began to intensify on 12
March. The development of a blocking ridge in the cen-
tral North Atlantic prevented the further development

90 of this system and retarded its movement, however. As
C this cyclone slowed its northward movement on 13

14 March (Fig. 6), the associated front moved northward
13 14 15 16 17 18 19 as a warm front to lie north-south between the Quest

March 1987 and the Tydeman from late on 13 March to early on
Figure 4. Comparison of Tydeman anemometer and Waves- 15 March. The local wind field in the t.EWEX area dur-
can (at the Tydeman location) anemometer winds for storm of ing this period was adequately resolved because the mea-
13-19 March 1987, both adjusted to a 20-m height, and LEWEX sured winds from the Quest and the Tydeman were as-
common wind at a fine grid point nearest to the Tydeman. similated in the kinematic analyses, At the Quest, the

surface wind was steady northeasterly between 0000 UT
on 13 March and 1200 UT on 14 March at speeds of
10 to 15 m/s, whereas at the Tydernan, winds veered

ses and wind-barb plots. Figures 5 and 6 give the section from northeasterly near 15 mi/s at the beginning of this
of the NOAA NMC final analysis covering the central period to southerly at less than 10 m/s at the end of this
North Atlantic Ocean for 1200 UT each day between period. Of course, possibly very fine structures in the
9 and 19 March. Figure 7 shows the plots of the corn- wind field in the frontal zone itself between the Quest
mon winds (daily at 1200 UT between 13 and 19 March) and the Tydeman would be smoothed even on the fine
displayed only at coarse grid points corresponding to the grid.
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Figure 5. Isobar patterns and frontal locations taken from indicated section of NOAA Northern Hemisphere Final Analysis sur-
face weather maps at 1200 UT on 9-12 March 1987. o is unoccupied ship site. The Quest occupied the western site from 14
to 19 March; the Tydeman occupied the eastern site from 14 to 18 March, then moved to the western site.

Wind System 2B (South-Southeasterly Swell) of this complex wind system are uncertain. This wind

The blocked frontal wave just described was also system generated a sea that propagated southward as a

responsible for another wind system of interest, name- young swell through the LlEWEX array, commencing near

ly, the area of south-southeasterly winds east of the cy- midday on 15 March, peaking late on 16 March, and

clone's trailing cold front on 11 March. This system was vanishing by around midday on 18 March.

characterized by a fetch of nearly 600 nmi by 13 March Wind System 4 (Freshening Easterlies)
(Fig. 7), which extended for a time as far north as the As the blocked frontal wave moved away from the
Tydeman location. Most of this system, however, was area and the northerly swell was building in the LEwEX

located in the domain of the coarse grid where the reso- array, winds at the Quest and the Tydeman, which had
lution (2.5* longitudinally) and analytical method (MPBL) become light and variable by early on 16 March, shift-
somewhat limited fine details. Several transient ships in ed northeasterly and by 1200 UT increased to about 10
this system reported surface winds greater than 40 kt at m/s at the Tydeman (see Fig. 4) and 15 m/s at the Quest.
times, but because this southerly flow was stable, the At the Quest, the hand-held anemometer provided a few
effective neutral wind was analyzed as 18 m/s at maxi- wind estimates of 55 kt late on 16 March, but these read-
mum intensity. The wave system generated in this wind ings were taken to be large overestimates of the true wind
field was observed in the LEWEX array (both the Quest because the ship was under way in head winds, and su-
and the Tydeman) by early on 14 March, and this perstructure interference tended to bias winds high at the
diminishing dispersive southeast swell was seen in the Quest (W. Nethercote, personal communication, 1989).
directional wave data as late as early on 16 March. The fresh northeasterlies provided an 18-h period in
Wind System 3 (Growing Northerly Sea/Swell) which local wave generation in the presence of a swell

The blocked frontal wave began to fill on 14 March might be studied. These local northeasterlies '.%vere as-
and resumed a slow movement to the north-northeast sociated with the approach of a strong cyclone on 16

on 15 March. As it did so, a high-pressure system over March, which also was a significant factor in wind sys-

the Labrador Sea strengthened, leading to another epi- tem 5, to be described next.

sode of a strong pressure gradient (Fig. 6) and northerly Wind System 5 (South-Southwesterly Swell)
flow (Fig. 7) in the Labrador Sea. Again, the area of This wind system actually was a complex response to
wave generation lay north of the fine grid, in an area the development and evolution of two cyclones. The first
particularly void of data, so the details of the evolution cyclone formed near Cape Hatteras (hence CHI) on 13
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%larch, nmo-ed east, ard, and deepened stronglyl though Mlarch, wsith the center entering eastern Newfoundlandnot explosively on 14 and 15 March., this system en. on I'll \larch. The second cyclone rcH2) formed near
countered the blocking Atlantic ridge, hoeuer, it turned Cape Hatteras on 16 dlarch and locid eonaenard to be-
northward like 6 predecessors and filled rapidet on 16 co120 in0oled in the circulation of CMaI oi 1987 \arch.
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resulting in a large quasi-stationary cyclonic circulation southerlies with speeds of 15 m/s to within about 300
covering the North Atlantic west of about 45°N on 18 nmi of the LEWEX array, but peak winds of only about
and 19 March. 5 m/s at the Quest and the Tydernan. This wind system

Southwesterly swell first appeared in the LEWEX array was the last one of interest in LEWEX, as by 1200 UT
late on 17 March and persisted through the end of the on 19 March, the surface winds in the North Atlantic
LEWEX measurements around 1800 UT, 19 March. This west of 20*W had settled into a pattern of unusual sum-
swell was generated in the south and east quadrants of merlike tranquility!
CHI and CH2, and therefore more than one fetch zone DISCUSSION
of significant generation of wave energy might have been
involved as sources of swell observed in the LEWEX ar- In this section, we offer a critical assessment of the
ray. All hindcasts showed the southwest swell arriving common winds and provide estimates of the accuracy
at the LEWEX site about 18 h before it was actually ob- achieved in the specification of each principal wind sys-
served to arrive (see Gerling, this volume), suggesting tern. We also describe an attempt, only partially success-
large systematic errors in the wind-field features respon- ful, to revise the winds in ways that might improve the
sible for this wave system. Those features lay south of poor hindcast of arrival time of swell from wind systems
the fine grid and south of the main ,hipping lane through 3 and 5 at the LEWEX site.
16 March. During 17 March, CHI moved onto the fine To develop our error estimates, we may draw upon
grid, but as it filled, the southwesterly flow diminished several previous studies of errors in marine winds, many
steadily with maximum speeds of about 15 m/s. On 18 of which used the same MPm. model used in this study.
March, this first area of southwesterly flow passed over Table 1 is a summary of six such studies in which NIPBLt
the tEwix array with wind speeds of only about 10 m/s. winds (all calculated with Cardone's MPBI model) are

The second organized area of southwesterly flow, this compared with observed surface winds. The comparison
time associated with CH2, was best developed at around statistics (mean and root-mean-square Jrms] wind-speed
1200 UT on 17 March, with maximum wind speeds of differences) group logically into four categories, depend-
26 m/s, centered near 35*N, 65"W, again on the coarse ing on the type of verification data used: (1) buoys or
grid. This surge of wind energy propagated rapidly other fixed platforms equipped with recording anemom-
northward onto the fine grid on 18 March, bringing eters, (2) transient ship winds as reported, (3) transient

Table 1. Reported scalar wind-speed difference between winds derived from the indi-
cated pressure fields, using Cardone's MPBL model, and the indicated measured data
types.

Mean diff. Scatter
Comparison Pressure (MPBL data) (rms)

Study data fields Basin (m/s) (m/s)

Cardone"' NDBO buoys NOAA LFNt USEC -0.8 3.0
USGC -0.5 2.9
uswc -0.4 2.8

Overland NDBO buoys NOAA Li-M NY Bight -0.5 2.4

& Gemmill' 2

Eid et al. Bucys/rigs NOAA LFM N. Atlantic -0.6 3.0
Gemmill NDBO buoys NOAA obj N. Atlantic -0.1 2.9

et al." NDBO buoys NOAA obj N. Pacific +0.6 3.2
Ships NOAA obj N. Atlantic -2.9 5.1

Ships NOAA obj N. Pacific -2.0 4.7

Cardone Ships (adj) N.MC final N. Pacific - 1.6 4.5
et al. 3  Ships (adj) r-NOC obj N. Pacific - 1.6 3.6

Dobson & Geosat LEWEX rean N. Atlantic -0.6 3.4
Chaykovsky
(this volume)

Composite NOBO buoys - 0.3 2.9

Geosat -0.6 3.4
Transient ships (adjusted) - 1.6 4.0
Transient ships (as reported) -2.4 4.9

Note: NDBO ) NOAA National Data Buoy Office, t[FM = NOAA Limited Area Fine Mesh Model.
USEC = U.S. East Coast, usGc U.S. Gulf Coast, us,'•C = U.S. West Coast, NNI( = National
Meteorological Center., tNcx = Fleet Numerical Oceanography Center, 1PB1. . Marine Planetary
Boundary Layer model, adj = adjusted ship wind speeds, obj - objectively analyzed pressure field%,
and rean = reanalyzed pressure fields,
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ship winds whose wind speeds are adjusted to effective against the same ship wind reports naturally assimilated
neutral 20-m wind speeds, and (4) Geosat-derived winds. into the wind fields as part of the iýc(mwi analysis
Composites of difference statistics for each of these cat- system.
egories are also given in Table 1. In addition, the table The Geosat comparisons were made against the EuW-
indicates the source of pressure fields used in the study EX common winds, and in nearly all cases were made
and the associated ocean basin, over the coarse-grid domain from MPBL winds. The

The smallest differences are found for the buoy corn- many along-orbit comparisons presented by Dobson and
parisons, which exhibit a scatter of about 3 m/s around Chaykovsky (this volume) provide unique views of the
a bias of less than 0.5 m/s. Unadjusted transient ship error structure in conventional wind fields, particularly
winds show the greatest differences, with statistics for the tendency for significant spatially coherent wind-speed
adjusted transient ships and Geosat winds in between. errors, which are no doubt more damaging to wave hind-
The smaller differences for the buoy comparisons are casts (and other ocean response models) than are ran-
rather consistent among the four studies involved and domly distributed errors. Another interesting aspect of
might be attributed to the near-shore locations (most those comparisons is the systematic difference between
NOAA National Data Buoy Office [NDBOI buoys are ascending and descending passes, which (barring an in-
moored within 200 nmi of the U.S. coast), where the strument source) may reflect the tendency for skill in real-
external variables of the MPBL are better defined than time synoptic marine analyses to vary systematically be-
in the open ocean. Cardone et al.,3 however, reported tween day and night because of the varying numbers of
a scatter of only 2.2 m/s in MPBL wind speeds in 369 transient ship reports transmitted to N•wP centers.
comparisons against Seasat scatterometer winds mea- The errors in the LEWEX winds on the fine grid can-
sured in two passes over the eastern North Pacific Ocean, not be estimated directly since all available measured
for which pressure fields were carefully reanalyzed. This wind data were used in the kinematic analysis, and es-
finding suggests that wind-speed errors in MPBL winds pecially in the vicinity of the LEWEX array (e.g., see Fig.
derived from carefully (subjective or objective) analyzed 3), errors are very low. On the basis of previous experi-
pressure fields are about 3 m/s (rms) about a mean error ence, we estimate that the errors in the kinematic analyses
(bias) of less than 1 m/s. We adopt these as the baseline on the fine grid are about 30% lower overall than the
wind-speed errors of the coarse-grid LEWEX common baseline errors in MPBL winds, but with somewhat great-
winds. er reductions in the spatially and temporally coherent

Wind-direction errors have not been as consistently errors. Unfortunately, detailed analysis of the LEWEX
reported in the cited studies, but we have extracted a con- measured and hindcast wave data indicates that most
sensus estimate from the statistics presented of scalar of the energy in the wave systems observed to evolve in
wind-direction errors in MBPL winds of 25* to 30' (rms) the LEWEX array originated outside the fine grid, some
about a mean error of around 10', and we adopt these in remote areas of the North Atlantic, where errors in
as our baseline wind-direction errors for LEWEX coarse- the common winds locally are even greater than the base-
grid common winds. Interestingly, the available studies line errors attached to the common winds overall. Thus,
show no particular difference between wind-direction locally generated systems such as systems 2A and 4
statistics derived from ships or buoys, suggesting that should be more accurately specified than the baseline es-
transient ships estimate the wind direction about as well timates, whereas wave systems developing north of L.EW-
as buoys, although ship wind-speed estimates are subject EX (systems I and 3) and far to the south of L.EWEX (sys-
to considerably more variability (see Pierson, this vol- tem 5) will be less accurately specified.
ume) than buoy-measured wind speeds. Wave hindcasts from all models indeed exhibited large

The poorest comparisons in Table I are provided by errors in the simulation of systems 3 (Labrador Sea swell)
the unadjusted transient ships, and no doubt the varia- and 5 (south-southwest swell). The similarity of these
bility in the ship winds contributes significantly to the errors from model to model (e.g., all models predicted
difference statistics. In several of the studies cited in Ta- swell from each of these systems to arrive at the LEWEX
ble 1, rms vector wind-difference magnitudes have also site about 18 h before detection by the Wavescan [see
been presented, and in general these are about 50076 larg- Fig. 8 of Gerling, this volume]) suggests large systemat-
er than the scalar rms wind-speed errors computed from ic errors in the winds in the source areas of these sys-
the same comparison data set for either buoys or tems. To investigate this possibility, we attempted to re-
ships." Therefore, it should be expected that PIPBL vise the winds in areas of the coarse-grid domain thought
winds with baseline errors of about 3 m/s in wind speed to contain the generation areas for systems 3 and 5.
about negligible bias, and wind direction errors of 25* These areas were determined by backward tracing of
to 30* about mean errors of about 10%, will exhibit ap- great circles through the observed swell directions indi-
parent rms vector wind errors of about 7.5 m/s when cated by Wavescan. Because neither of these wave sys-
compared with unadjusted transient ship winds. Indeed, tems exhibited a shift of dominant wavelength with time
Zambresky (this volume) reports just such differences consistent with a point source, a precise determination
between the LEWEX common winds and unadjusted tran- of source could not be made, and in fact the wind fields
sient ships. Somewhat lower errors were reported for the suggested rather dynamic fetch source zones for both
alternate ECMWF wind field also evaluated by Zam- systems.
bresky, but we suspect that the reduction can be attribut- The revision consisted simply of kinematic analysis of
ed mainly to the comparison of the ECMWF winds the affected parts of the coarse grid, on maps between
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0000 UT on 15 March and 0000 UT on 17 March. Two 25
new aspects of this revised kinematic analysis were as
follows: (1) The wind speeds from Geosat passes over 5

the selected reanalysis areas were used. (2) Where lack 50
of data allowed latitude in the kinematic analysis, the E 7
revision was made in the direction of improving the F 1o System41
specification of the wave systems of interest (a form of .IV 1
subjective inverse modeling). For example, the Wavescan > 200 Sy~¶rI 3
data suggest that the source of the southwest swell is not System 2

the strong southerly flow preceding the occluded front 400 15

associated with CHI and not part of the circulation of 20
CH2, but rather a fairly small-scale feature of CHI, 800
namely, the area of gale force southwesterlies that de- 12 13 14 15 16 17 18 19

velop on 16 March in advance of a secondary trough March 1987

that formed in the cold-air sector of CH I early on the 25

16th (see Fig. 6). Thus, wind speeds were reduced by
up to 5 m/s ahead of the occlusion (as supported also
by Geosat) and turned and increased in advance of the
cold sector trough. Other changes included increasing 7
the southeast flow in advance of the occlusion later on £= 100
the 16th and early on the 17th, decreasing the north- . System 0
easterlies around the Tydeman on the 16th by about i 200 . Ss'tem 3
m/s, and shifting of the front lying north of LEWEX on *,. System 2
the 15th to the west, making commensurate wind-field 400 System I
changes to the northerlies west of the front. 20

The effectiveness of the wind-field revisions on hind- 800
casts of systems 3 and 5 was investigated by using the 12 13 14 15 16 17 18 19

Ocean Data Gathering Program (ODGP) model (the only March 1987

model that was readily available). Results of the rehind- 25
cast at the Tydeman are compared with the ODGP LEW-
EX run and with Wavescan, in Figure 8, in terms of Ger- 50
ling's partitioned wave-vector representation. Of course, - 7
systems I and 2 are not affected by the revisions. The .r 100 Sya- " S ystem 4 "
Labrador Sea swell that peaked on 16 March (system . ..... .

S -- 103) is diminished in the revised hindcast, but its arrival a 200 )" System 3>
is not delayed. The revised winds appear to provide a S 3

delay of about 8 h in the arrival of the southwest swell ........ System 2 15
on 17 March, which is less than half of the delay need- 400 System 1
ed to agree with the Wavescan arrival time. The general 20
trend of the vectors after arrival time still does not agree 800 2 13 14 5 16 17 18 19
with that of Wavescan on the 18th. However, the slight March 1987
reduction of the wind speed at the Tyvdeman on the 16th Figure 8. Comparison of Wavescan, ODGP LEWEX hindcast.
and the increased southeasterlies in advance of the oc- and ODGP hindcast with revised winds at the Tydeman site.
cluded front provide a better representation of the fresh
easterlies (system 4).

Perhaps several iterations of the process of revision considered. These include possible interaction of the swell
and rehindcast of the winds in the Labrador Sea could with the Gulf Stream, the possibility that Wavescan is
provide significantly improved specification of system having difficulty resolving the opposing swell trains of
3, since little conventional data exist for that area. We systems 3 and 5, and the possibility that all models are
are frankly surprised, however, by the insensitivity of lacking some physical mechanism that operates either
the rehindcast to the substantial changes made to the in the source zone or on the opposing swell trains in the
wind field for system 5. Further changes in the wind field EWEx area, and which is critical to an accurate specifi-
in the source zone of system 5 in the direction of im- cation of system 5.
proving the specification of the arrival time of the swell
at the Tydeman would mostly likely require serious vio- REFERENCES
lation of wind observations from ships in the area and
Geosat. Perhaps other wave models that participated in (Tan2"n P. A. I. M.. KHybcri. (... and dc \ootrI. v..1. I' ".\R ()C3.r1ia3ita4(aiiplcd Hybrid Wa~c Prediction \todel, .1. (ahtltv• Rei, ('3. 3635 3t654
I.EWEX would benefit more from the revised wind fields 11 4t.
than oDc;P. This sensitivity experiment suggests, how- 2
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tween model and Wavescan in system 5 should also be '7-( cr 1 ', 5 ia aita1lc tram 1-mironmeni ( anada. tha'...xiie,. (Onlam•n.
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PREDICTIONS FROM THE GSOWM DURING LEWEX

Predictions from the U.S. Navy's Global Spectral Ocean Wave Model (Gsoww\.1 are compared with
observations from buoys and ship radar and with output from the WAM third-generation wave model,
with both models forced in hindcast mode by identical winds. In general, the GSOWM hindcast spectra

compare well with the other spectral estimates, although GSOWM tends to develop too much energy at
low frequencies. Although the GSOWM predictions are generally in good agreement with the observations,
on one occasion GSOWM fails to show a growing wind sea that is predicted by wA.,o, and verified by the
buoy data.

INTRODUCTION

The Global Spectral Ocean Wave Model (GSOWM) is which serves as the upper limit on spectral growth. An
a first-generation wave model run operationally at the exception occurs at high frequencies, where the Kitaigo-
U.S. Navy's Fleet Numerical Oceanography Center rodskii 7 spectrum becomes the limiting spectrum. Spe-
(FNOC). The model is forced by winds produced by the cifically, the equation for wave growth is
Navy Operational Global Atmospheric Prediction Sys-
tem numerical weather prediction model and is run on B [ S) ] )
a 2.5* spherical grid twice per day.' GsowM produces G = A I - ( +BS
two-dimensional wave energy spectra, with resolution of

15 frequencies by 24 directions, out to a forecast time
of 72 h. The initial conditions for these forecasts are (2)provided by simply carrying the predicted two-dimen- x [I - s Y 2
sional energy spectra forward in time. Wave products,

including significant wave height, sea height, swell height, where A is the resonance term, B is the instability term,
primary wave direction, primary wave period, sea direc- and S. is the limiting spectrum. Following growth of
tion, swell direction, sea period, and swell period, are the one-dimensional spectrum according to Equation 2,
derived from the spectra in 12-h intervals, the resulting wave energy is spread over a range of

azimuths that is centered on the local wind direction us-
BASIC MODEL FORMULATION ing an empirical function of wind speed, frequency, and

The basic formulation of wave growth and decay in angle relative to the wind.
the GSOWM is based on the work of Pierson. 2 The equa- Dissipation of energy for waves traveling against theogeithe chisbasedongthe wrof thePne-imensional (ihe., wind is accomplished according to an empirical func-tion governing the change of the one-dim ensional (i.e., t o f t e w v n r y r q e c ,a d a g e rl t v
direction-independent) wave energy spectrum S(f) with tion of the wave energy, frequency, and angle relativetime in the model is to the wind. No dissipation occurs for waves running

with the wind. A downstream propagation algorithm is

aS(f) used to advect wave energy along great circular paths
= G(f) + P(f) (1) at the frequency-dependent group velocity for deep-water

at waves. The technique simulates wave dispersion and con-
serves wave energy.

wheref is the frequency, G(f) is the wind source/dissi-
pation function, and P(f) is the change in S(f) due to
convergence or divergence of the energy resulting from The GSOWM hindcast for the Labrador Sea Extreme
swell propagation. Waves Experiment (LEWEX) was accomplished by forc-

The wind source function is a modified version of the ing the full global implementation of the model from
Phillips3 resonance theory and the Miles4 instability an initial state of nearly flat seas with winds obtained
theory based on the work of Inoue. 5 The Phillips res- by embedding the common LEwEX winds into the FNoc
onance mechanism causes the initial wave growth from global winds. The LEWEX winds were interpolated in
flat seas to be linear with time. As the waves grow fur- time and space to match the three-hour time step and
ther, the Miles instability mechanism begins to dominate the 2.5* resolution of the GSOWM. The hindcast is for
and the waves exhibit exponential growth with time. The the period 9 through 18 March 1987. Directional wave
growth is slowed as the wave spectrum approaches the energy spectra at six-hour intervals were produced for
Pierson and Moskowitz 6 fully developed spectrum, further processing and display.
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COMPARISONS pared \w 1.250 latitude/longitude for the iFEwIx

Wind Speeds and Wave Heights winds).
Time series of wave heights and wind speeds are again

Time series of significant wave heights from the oper- displayed in Figures 3 and 4, but at the location of
ational GSOW.M forecast made at FNoc, the GSOWM hind- HNLMS Tydeman. As before, the operational (;sow.m
cast, and the Datawell moored Wavec buoy at the CFAV wave heights and FNOC winds are biased high relative
Quest are displayed in Figure 1. The operational GsowM to the buoy observations and the i.Ewt--x winds. Also,
wave heights are larger than both the GSOW-o hindcast in this case the GSOWM hindcast wave heights are higher
and the buoy-observed heights during two high-wind than the buoy observations during the period 16 to 18
events on 16 and 18 March. This is explained by the March. This is not an unusual occurrence. Routine com-
wind-speed time-series plots of Figure 2, which show that parisons of GSOWM spectra with buoy observations in
the operational FNOC wind speeds are biased high com- both the Atlantic and the Pacific Oceans show a ten-
pared with those of LEWEX. Part of the bias here may dency for the model to develop too much energy at low
have been due to the coarse spatial resolution of the frequencies, resulting in higher prediction of significant
operational FNOC winds (2.5' latitude/longitude com- wave height.

8 1 1 1 1 1 1 _ _8 1 1 1 I I I i
GSOWM forecast GSOWM forecast

- GSOWM hindcast
Wavec oy -. GSOWMhindcast

S2 •.2 Wavec buoy

09 0

0 i I I 0 I I I II t !

12 14 16 18 12 -4 16 18

March 1987 March 1987

Figure 1. Time series of significant wave height at the Quest Figure 3. Time series of significant wave height at the Tyde-
(50"N, 47.5 0W) from the operational GSOWM (solid black), the man (50'N, 45"W) fom the operational GSOWM (solid black), the
GSOWM hindcast (dashed blue), and the Datawelf moored GSOWM hindcast (dashpd blue), and the Datawell moored
Wavec buoy (dotted red). Wavec buoy (dotted red).

24 24 I ' I '

18 18
FNOC NO

12 1AG1 FNOC
A 1.

0p i CX

LEWEX LEWEX

12 14 16 18 12 14 16 18

March 1987 March 1987
Figure 2. Time series of wind speed at the Quest from the Figure 4. Time series of wind speed at the Tydeman from the
operational FNOC winds (solid black) and the common LEWEX operational FNOC winds (solid black) and the commcn LEWEX
winds (dashed blue). winds (dashed blue).
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Directional Wave Energy Spectra Ship Radar GSOWM WAM
Comparisons are made between the Gsowsi hindcast A

and a hindcast from the third-generation wave model
(WAM8). Both of these hindcasts were made using the
same winds within the LEWEX common grid. Available
observations from the moored Wavec buoy and ship ra-
dar are then compared with the predictions of both
models. Directional wave energy spectra from these
sources at the location of the Quest for five different "
times are shown in Figure 5. The individually normalized
directional spectra are plotted in polar coordinates with
wave number increasing from the center. Compass di- -..
rections in the following discussion refer to the direc-
tion toward which the waves are traveling. /

At 1200 UT on 14 March, the ship radar indicates a
NNW wave system with a wavelength of 200 m. This C
agrees more closely with the wA'i hindcast (wavelength
of 200 m) than with the GSOWM hindcast (wavelength
of 250 m). Both models are building a wind sea in re-
sponse to the local wind out of the northeast at this time.
At 1200 UT on 15 March, the Wavec buoy indicates a
NNW wave system with a 200-m wavelength. The
osowM and WAN, however, both show a SSE wave sys- Wavec Ship Radar
tern in addition to tht NNW system. The SSE system D 7
dominates in GSOWM, whereas the NNW dominates in
WAM. At 1200 UT on 16 March, the Wavec buoy indi-
cates a SSW primary wave system and a NW secondary
system. Both the GSOWM and the wAm show S wave sys-
tems, but the wavelength of the WAM system agrees
more closely with thu buoy. Gsowm predicts the NWGSWWA

secondary system detected by the Wavec buoy, but wf GSOW WAM

does not. At 1800 UT on 16 March, both GSOWM and
wAjm show dominant S wave systems, in fair agreement
with the buoy and the ship radar data. However, the
GSOWM also has two secondary systems, one NW and
the other NE. At 1200 UT on 18 March, GSOWM, WAM,
the Wavec buoy, and the ship radar are all in good agree- Wavec
ment and show a NNE system. E

Wave Vectors
Using the format convention and display of Gerling -

(elsewhere in this volume), Figure 6 shows the direction
and magnitude (vectors) of peak wave energy as a func-
tion of frequency/wavelength (y-axis) and time (x-axis)
for the GsowM hindcast, the WAM hindcast, and the GSOWM WAM
Wavec buoy at the Quest. Several well-defined wave sys-
tems are evident in this plot, including the SSE system
on 12 to 14 March, the SW system on 13 to 14 March, O__
the NNW system on 14 to 15 March, the S system on
15 to 18 March, and the NNE system on 17 to 20 March.
Agreement between the two wave models is generally
good, although the wavelengths of the GSOWM wave sys- Figure 5. Directional spectra at the Quest from the GSOWM
tems tend to be greater than those of the WAM and the hindcast, the WAM hindcast, the Wavec buoy. and the ship ra-
Wavec buoy. For example, the WAM and the Wavec dar at various times. A. 1200 UT on 14 March. B. 1200 UT on
buoy show a wavelength of 180 m for the S wave sys- 15 March. C 1200 UT on 16 March, D. 1800 UT on 16 March.

E. 1200 UT on 18 March 1987. The outer, middle, and inner con-
tern on 16 March, while the GSOW.ki shows a wavelength centric circles correspond to wavelengths of 100. 200. and 400
of about 190 to 200 m for this system, which is consis- m. respectively.
tent with the tendency for GSOWM to place too much
energy at low frequencies.

Close scrutiny of Figure 6 points out some other inter- For example, on 16 March the M\At develops a WSW
esting differences between the two models at the Quest. wind sea, which is evident in the Wavec buoy data but

149



P. A. Wittmann andR. Al. Clancy

25 * . cation of the Quest (see Fig. 8). GsowM1 correctly ac-
. .......... counts for the system because, unlike WA.M, which did

o5 not embed the LEWEX common winds into a larger field,
50 GSOWM encompasses the entire North Atlantic and uses

•.7 the FNOC winds outside of the area covered by the LEW-
E 100 ". " EX winds. Note that the United Kindom Meteorological

-,0 Office model also predicts the arrival of this swell at the
> 200 . Quest on 16 March (see the article by Rider and Strat-

15 ~ ton in this volume).400 "'" 5•
SUMMARY

20
800 The GSOWM is a first-generation global wave model

12 13 14 15 16 17 18 19 run operationally at FNOC. When run in hindcast mode
March 1987 and forced with the LEWEX winds, the csowki produces

Figure 6. Wave vectors at the Quest from the GSOWM hind- the major wave systems exhibited by the third-generation
cast (black), the WAM hindcast (blue), and the Wavec buoy (red),
during the period 12 to 19 March 1987. The vectors represent WAM wave model and measured by the Wavec buoy and
the magnitude and direction of the significant peaks in the direc- ship radar during LEWEX. Subtle but important differ-
tional wave energy spectra. Data are smoothed in time and fre- ences exist, however, between GSOWM and wi predic-
quency (courtesy of T. Gerling). tions. The peak frequency of the GsowMi spectra tend

to be lower than those of the w•, and the buoy ob-
servations, a characteristic problem with the model. In

not in the OSOWM. In addition, as discussed earlier, the one instance GSOWM fails to produce a wind-sea system
GSOWM exhibits a NW system at 1200 UT on 16 March predicted by wAM and verified by the buoy data. The
that is verified by the Wavec data but not shown by the GSOWM correctly accounts for a wave system originat-
WAM. ing from a storm near the coast of North Africa, out-

The genesis of the 16 March NW wave system at the side the LEWEX common wind field domain.
Quest is associated with a low-pressure system off the Although not conclusive, the LEWEX data set suggests
coast of North Africa several days earlier (see Fig. 7). that WAM produces more accurate predictions than
It takes two to three days for the 10 to 11 s period wave GSOWM, a result that is expected on theoretical grounds.
system to propagate from the eastern Atlantic to the lo- In any case, FNOC has implemented and is testing a re-

80

70

60
Figure 7. Synoptic weather chart at Qus
0000 UT on 14 March 1987 for the
North Atlantic. Contours show sur- so y0
face pressure with a 4-mbar contour
interval. Wind barbs indicate surface .D

winds (winds less than 20 kt are not .•
displayed). The heavy dashed lines - 40
show the area covered by the LEWVEX
winds. Winds associated with the 0_
low-pressure system off the coast of
North Africa generate a NW wave 30
system, which is observed at the
Quest several days later.

20

0
80 60 40 20

West longitude (deg)

150



Predictons Jrorn the GSO IlI during I. EL iEX

70. . .

TydemuFigure 8. Output from the Gsowm
so 5 -hindcast for 1200 UT on 16 March

"- 1987. The contours show significant
"Me• wave height with a 3-ft contour inter-

-40 val. The vectors represent primary
tI and secondary wave directions. The
0
z numbers at the base of the arrows

are primary periods in seconds. The
3*-heavy dashed lines show the areacovered by the LEWEX winds. Note

the 10 s period NW wave system
20 propagating toward the LEWEX area

from a region of generation off the
* coast of North Africa.
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DIRECTIONAL SPECTRA FROM THE UKMO
HINDCASTS AND THE EFFECT OF SWELL FROM
OUTSIDE THE LEWEX REGION

A series of hindcasts was made using the United Kingdom Meteorological Office wave model. The
effect of swell from outside the Labrador Sea Extreme Waves Experiment (LtE-EX) region was shown
to be negligible. The model was compared with measured wave height data and with spectra from other
models. It is not obvious which are the more accurate spectral estimates, as the variation between mea-
sured spectra can be as large as that between models.

INTRODUCTION
Second-generation wave models have been run at the 80 , ,

United Kingdom Meteorological Office (UKMO) since
1976. Early versions were on a polar stereographic
grid.' The current global wave model is a second-gen-
eration latitude/longitude model that became operational
in July 1986. Little change was made to the physics of
the original models until 1987, when the physics subrou- 60 4
tines were updated. The dissipation term given by Komen

et al.2 was included, and the rate of wave growth was o T
adjusted to balance the dissipation ,.rms at full devel- - r.- -

opment. 3  Vr
The global wave model is run twice daily to provide .

five-day forecasts. The model's grid covers the entire 40
globe, except for the extreme northern and southern lati-
tudes, with a resolution of 1.5' of latitude and 1.875"0
of longitude, but the model can easily use other latitude/ z

longitude grids with different resolutions. The model
holds wave-energy information in spectral form by bin-
ning it into one of sixteen directions and thirteen fre- 20
quencies at each point. The model is driven by surface
wind fields extracted from the uKMo global atmospheric
model and has wind and physics time steps of one hour.
For the Labrador Sea Extreme Waves Experiment
(LEWEx) hindcast, one-dimensional spectra were 0 '
produced every six hours and the full directional spectra 100 80 60 40 20 0
hourly at selected grid points. West longitude (deg)

The UKMO'S contribution to LEWEX consisted of wave
spectra from two hindcasts: an operational hindcast run Figure 1. LEWEX grid areas. The blue area indicates coarse-
using the independently derived UKMO wind fields and mesh grid; the blue-gray area indicates fine-mesh grid- T is the

location of HNLMS Tydeman at 50.0N and 45.0'W, and 0 is
a dedicated hindcast run using the specially prepared the location of CFAV Quest at 50.0'N and 47.5°W.
LEWEX common winds. The common winds were de-
fined on a small fine-mesh grid, which was contained
within a coarse-mesh grid covering a larger area (see Fig.
1). The resolutions of the grids are given in Table 1.

Three additional hindcasts were run to see whether Atlantic Ocean not covered by the coarse-mesh I f:N\•x
the LEWEX coarse-mesh grid, used in the dedicated hind- grid.
cast, covered a large enough area. There was the possi- Additionally, the uwi-rxvx database provided an oppor-
bility of some long-fetch swell propagating into the area tunity to verify the ,•i.o model performance in the
around the two ship positions of interest (see Fig. 1), Labrador area against buoy measurements of wave
from the more eastern and southern parts of the North heights and energy spectra.
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Table 1. Summary of grid resolutions. Table 2. Summary of hindcasts run at the UKMO.

Resolution (deg) LEWEX UKMO Start

Grid Latitude Longitude Hindcast grid grid field

LEWEX coarse mesh 1.250 2.500 UKMO - Global Nonzero
UKsio coarse mesh 1.500 1.875 Common Fine and - Zero
LEWEX fine mesh 0.625 1.250 LEWEX coarse mesh

Control Fine mesh Global Nonzero
Fourth run Fine mesh Limited Nonzero

HINDCASTS area

The first ui,•o model run for LEWEX used wind fields Fifth run Fine mesh Limited Zero

from the uKmo atmospheric model and will be referred area

to as the UKMO hindcast. The second model run used
the LEWEX common winds and will be referred to as the fore being plotted, each spectrum is normalized with re-
common hindcast. Table 2 summarizes the five hind- spect to its peak energy value in k-space. Therefore, it
casts, which differ according to which grid or grids were is possible for two spectra with similar structures in fre-
used and whether the initial energy start field was zero. quency-space to look different when the spectra are
In all cases, the forcing wind fields were on the Namnc transformed to k-space, normalized, and then plotted.
grid as the wave model, and a great-circle turning term For example, consider the two-dimensional wave num-
was included in all coarse grid runs. Each hindcast start- ber plots in Figure 2. They represent output from two
ed at 1200 UT on 9 March 1987. different hindcasts-the uKito and the control-at the

The UKMO hindcast was run on the UKMO global grid same time and location. The original frequency spectra
using hourly surface winds from the UKMO global at- were quite similar. They both had two major compo-
mospheric model. The hindcast started with a nonzero nents, namely, a component coming from the southwest
energy start field, which had been archived from another and a weaker component coming from the east. The
hindcast not connected wi0h LEWEX. Thus, the model main difference between them was that the spe:t:rm
was fully warmed up at the beginning of the hindcast. from the UKMO hindcast had a larger energy peak in the

The second, or common, hindcast used the LEWEX southwesterly swell component. When the UKSIO spec-
fine-mesh and coarse-mesh winds, and the energy start trum is transformed to k-space and plotted in the stan-
fields for both grids were zero. The LEWEX coarse- and dard way, the effect of normalizing is that the easterly
fine-mesh two-hourly wind fields were interpolated to swell component is not contoured because the other com-
one-hourly values. The coarse grid provided hourly ponent is dominant. Also, this southwesterly component
boundary values for the fine-mesh area. is plotted with a different shape compared with the plot

The third, or control, hindcast was made in a similar from the control hindcast.
way to the common hindcast except that the uicto glob- Conclusions about the wave model performance
al grid and associated winds were used. The UKMO grid should not be made on the evidence of these plots alone,
has a highei resolution than the LEWEX coarse-mesh grid because the results could be misleading.
(see Table 1). The nonzero energy start field for the The Effect of Swell from Outside the
UKMO hindcast was used to initialize the UKMO global LEWEX Region
grid in the control hindcast and was interpolated in space
onto the LEWEX fine-mesh grid. Effectively, the control The results of the control hindcast were compared withrun as glbalhindastsimlarto te tKMOrunbut those of the fourth hindcast by finding the difference
run was a global hindcast similar to the LKao run but in wave height at the ship positions. A positive difference
with a small, higher resolution grid inserted in the Lab- indicated more energy in the control run. Significant
rador Sea area, driven by the common LEWEX winds, negative differences, 0.12 h for a control wave height

To ensure that the LEWEX coarse-mesh grid covered
an area large enough to contain all the significant ad-
vected energy systems, a fourth hindcast was run, and
the resulting spectral data were compared with those A B-"< B -
from the control hindcast. The fourth hindcast was run 7' 0\2

using the UKMO winds over a subsection of the UKMO / O- - '

global grid equivalent to the LEWEX coarse grid starting -- -- - - /
from a nonzero energy field. The fifth hindcast was a 1
repeat of the fourth hindcast but started from a zero j I
energy field to assess the time required to warm up the i-.-,_-..

model. Figure 2. Two-dimensional spectra at 0300 UT on 19 March

at the Tydeman. A. Based on the UKMO hindcast. Wind speed
PLOTTING TWO-DIMENSIONAL is 5.8 m/s, total energy is 0.30 mi2 , and significant wave height

WAVE SPECTRA is 2.2 m. B. Based on the control hindcast. Wind speed is 5.4
m/s, total energy is 0.28 M2 , and significant wave height is 2.1

Before proceeding further, it is important to discuss m. The plots are linear in wave number, with the outer circle
the method used to plot the I.FwEX spectral data. Be- at 2rt100 radtm.
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of 3.19 m, as well as positive differences were found. Identifying the Source of the Swell
On calculating the total energy over the whole grid for Figure 5 shows a North Atlantic chart with the LK.IO
each run, the fourth hindcast was found to have less global wind analysis for 00(o U [ on 14 March. Just off
energy than the control. the coast of North Africa was a small storm system with

The difference in distribution of energy in the fine- southeasterly winds of up to 25 kt on its northeast flank.
mesh grid can be attributed to the dependence of energy Swell generated by such a system would take about 48
growth and dissipation terms on the total amount of hours to reach the LEWEX ship positions. This is the
energy at each grid point at the beginning of a time step, most likely origin of the extra swell seen in the tLKNio
and to a slight change in the advection calculation intro- and the control hindcasts, since the generating area is
duced by the difference in the northernmost latitude of outside the common LEwEX coarse-mesh grid.
the two coarse grids. Once a difference occurs, it can Although it has been shown that swell may penetrate
be amplified. Figure 3 shows the total energy on 13 and the LEWEX area, the greatest difference found in wave
14 March for the control, fourth, and common hind- height was 0.24 m for a control value of 3.51 m; there-
casts. The difference in energy of the common hindcast fore, the effects of swell from outside the LFAwEx area
is due to the difference between the UKMO and LEWEX are not important for this study.
wind fields.

COMPARING SPECTRA A B C

Output from the fourth and control hindcasts was .0771
used to look for differences in wave heights that might
indicate swell coming from outside the LEWEX region.
The three hourly plots of two-dimensional wave spectra
for both hindcasts were compared at the ship locations.
Most of the normalized plots for each hindcast are simi- ,
lar, but some exceptions occur early on 16 March (e.g., Figure 4. Two-dimensional spectra at 0300 UT on 16 March
at HNLMS Tydeman at 0300 UT). at the Tydeman. A. Based on the fourth hindcast. Wind speed

Figure 4A shows the plot of the spectral data from is 6.3 mis, total energy is 0.45 M2, and significant wave height
the fourth hindcast. The plot is bimodal with a spread- is 2.7 m. B. Based on the control hindcast. Wind speed is 6.3

mls, total energy is 4.8 M2 , and significant wave height is 2.8
m. C. Based on the UKMO hindcast. Wind speed is 4.1 m/s, to-

swell component. Figure 4B shcws the trimodal plot of tal energy is 0.33 M2, and significant wave height is 2.3 m. The
the spectral data from the control run. This plot is similar plots are the same scale as in Figure 2.
to the plot in Figure 4A, except for a component of low-
energy, long-fetch swell coming from the east. The
urmo hindcast also has a trimodal spectrum on 16- ,- "
March, which demonstrates that the extra swell compo- ,. - - . , ,
nent is not attributable to the use of the LEWEX fine- /
mesh winds. s,
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Figure 5. North Atlantic chart with UKMO global wnds at 0000

Figure 3. Total energy values for the LEWEX grid during differ- UT on 14 March. (Standard meteorological convention is used:
ent hindcasts. Red, common hindcast; black, control hindcast; each full barb is 10 kt, half barb is 5 kt.) The location of the
blue, fourth hindcast. Tydeman (T) is shown.
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1The Efflect of' a tero F acres Start I Ield
B,- comparing file tour! h and fiftth hindc:a~tN, it i Ni

'srbie to etinatc (thc !1ine needed tor [the I\t K%1,5~
In10.le Io o'~ercotne [the effect.,o OftsartineIt.n U011 aICk
start' field- bentc (6 show,,s that the s% axe licichh t,-onii
the tsso hindca'.r\ :omriz.d tradierneIctls than

ilmbx IMX) V, I on 12' \1arh at ('11 A\ 0(hwsi. I-Ionii
tilts 1:111e 011%ard, the %%a~ e hewlits :.onnnuc nd it) di tle(
but h% no mnore than 0. 1 in1, except herx, een I 2t'W and
15WE 1 I on 16 \larch. v-hen the dif ference \kent uip 11)
0,2 rnl -hUS [the model took about -2 hours ILI \s armI
up., and Ii. 1 m I,, the xaeheight dittcrence expected tbe- 4 5 1C i8
t\- eea tsso hindcast. s %hen oakl one of' them, staff% x nit

a noniero energ\stNart rield '-uch comparisons pro% ide Figure 6. Dttnc , et.,,ec- o-A'-
a1 UsefUl sard~rtc:k bs sshich to assess dift ercice, arisit- an n d C , Lis sd!

11ro1m Other Of .C\ts, for example. (the distanrt %%xell et ect
drscu','~ed abo'e.

W'se Heights A "

InI thi, section, the intevrared "us~e hcw~h' . fromn the 7.
K~ii and Ithe commnon ss I % \ hindcast, are presentedCo

and compared xt, ih measured v. axc heiylhr,. No meiasure- 6 ý
mients wsere a~ arlable until 13 \larch, at "xhich rime the E 5 r
model,; "ere \%armned up. Man% of' the measurement, 1C

v ere made at irrecular time intervals not often coincident r

%,.itis ere ca'lculated. Time series, ofm wae heights tor' m
the dif ferent hindcasts and the measured % alues are used 2
to) make the comparisons.1

The Quevt. Figure "A shows~ how% the % ate heights
from the I, Kxio hindcast compare with measured wave 01
heights at the Quest. The model waxec height, compare B 8-
"well with the available measured w~ase heights with error' 7
of less than 1.0 m. except on 17 March. w hen the model
substantially underestimates an obsersed peak. On the 6'-
wkhole, the wate height estimates, are lower than the inca-
sured %alues. One feature of the model wkase height time ; a

series is a wAvNe height of more than 6.0 m at 18(X lUT T' 4 ý8 fe
on 13 Mlarch. but there are no measured %alues agzainst T

S3'which to verifyv this estimate. Also, on 18 March at about 3:C6
0300 lUT, the model shows a peak of just under 5.0 m. 2-
0.5 m greater than the measured s'axe height.I

Figure 7B shows the model tvase heights from the
common r Ixt hindcast compared with the measurco 0112 3 14 5 17
wave heights. The model wave heights are not uniformly Mac ,971
improved with the introduction of the common winds.
'The peak wave event on 13 March is reduced to 5.0 In, Figure 7. UK%4(G modeli wave he~qhts and measuremen~~tsQT

moethan 1.0 m lower than for the t~i.:ro hindcast. This trhe Wavec buoy at the Quest E ndfcates modei data. o rnd.
morecates buoy data A Based on the oi<Y0 htndcas,¶ 8 Based on

reduction is caused by the common w inds being wseaker the Common F~~ hindcast
close to the ship position, although the i. sxrr wind
speeds remain steady at about 17 m/s, close to the ship.
On 18 March, the r I~ common winds around the
Quest are again weaker than the u;~wm winds, and so curate compared with the measured %alue, in the i K\1(
the wave height at the peak event is, 1.0 m lower. 0.5 in hindcast. are underestimated by (0.5 m or mnore in the
kF-s than the measured wave height. The peak occurs, common hindeast.
slightly earlier when the common winds are used. 'he T'v-dr'an. F-igure XSA 0iowk a time series (it thec

From 1200 U-T on 15 March to 1 8W0 UT on 16 March, %asc heights, from the i kt~ hindcast that uses I v
the wave heights are a berter fit to those measured, and global tu inds and measured \%a, e heights at tilhe Tvrle.
the drop in wave height on 17 March is not repeated. mnan. The i K\to model appearsý to underestimate ws
From 0000 UT on 189 March to 2100 U'Ton 19 March, heights, b\ about 0.5 in for mrost of t he period w'hetn inca-
however, the model wave heights. which were fairly ac- surements, are asailable. The main exception L) thi"ý is



K .f. Rider and R, A, Stratton

A 8 ".. .. " A .... B ... .

61

4 - 0# o-J ':? 
Ix

0 Figure 9. Two-(Jmens~onal spectra at 1200 UT on 13 March
3• aYO at the Tydeman. A- UKMO model using common winds B ViAM

2i model using common winds The plots are the same scale asI in Figure 2.

B 8[7-- - --- Figure 9A shows that at the Tvdeman at 12W0 UT on
S.4 13 March the L'K\Io wave model estimates a %ery well-

developed northeasterly wind-sea component. Compartd
6H -• with results from other wave models, this component

E 5! is more developed and centered at a lower frequency.
C, For example, Figure 9B shows the .stI wake model
S4 ii:a:0ý -o up results. (A logarithmic display showing the behavior of

S31c 0•,•td ot 0 :nine different models at this time is show n in Beal, this
... a• ! volume.) Furthermore, the northwesterly swell compo-

,a , nent seen in the sixt model spectrum does not appear
in the LKMiO spectrum, at least in this linear display of

, _i spectral energy density. This is not a result of individual
C -L--- ___-.._.-- ----- normalizing of spectral plots. The swell component, seen12 13 14 15 16 17 18 19March 1987 in both model spectra at 1200 UT on 12 March, has been

Figure 8. UKMO model wave heights and measurements from dissipated by the UKMO model by 1200 UT on 13 March
the Wavescan buoy at the Tydeman. 0 indicates model data. but is still present at 0000 UT on 14 March in the xvss
0 indicates buoy data. A. Based on the UKMO hindcast. 8 model. Unfortunately, no measurements are available
Based on the common LEWEX hindcast. at 1200 UT on 13 March, except those made b) the air-

craft synthetic aperture radar, which showed consider-
able variability (see Tilley, this volume).

at 0300 UT on 18 March, when the UKto wave height The more fully developed wind-sea component in the
estimate is 1.0 m greater than the measured value. A LuK\io model is probably a result of faster initial growth
wave height peak of more than 7.5 m appears at 1200 of a developing wind sea. This is a feature of the t., Kto
UT on 13 March, but cannot be substantiated. wave model, which has growth curves more like the

Figure 8B shows the uwsio model wave heights from World Meteorological Organization values,' whereas
the control hindcast run. The introduction of the LEWEX the X%..sz model fits the Join' North Sea Wave Project
winds has brought the model wave height estimates growth curve for duration-li.nited growth.' The tL'X%1
slightly closer to the measurements on some occasions, model energy dissipation depends on properties of the
but gives a worse performance on others. At the peak wave spectrum, including the mean frequency. The wind-
wave height event on 18 March, the model peak occurs sea component in the L K-O spectrum is at a lower fre-
slightly earlier than in the UKMO hindcast and has quency than in the %ýAvx spectrum, and so the tl,,mo
dropped from 4.4 m to 3.8 m, due to the weaker com- model dissipates the northwesterly swell component more
mon winds at this time. The measured wave height is quickly.
even lower. At 1200 UT on 13 March, the common
winds at and around the Tydeman are slightly weaker SUMMARY AND CONCLUSIONS
than the UKMlO winds, and the model wave height is The area covered by the coarse-mesh i tx' r\ grid has
reduced by about 3.0 m. On 15 March, the UK.MO evo- been shown to be enough, for the duration of the Cx-
lution of a peak and subsequent decay matches the data periment, to encompass all significant swell properly. Al-
better than does the evolution of wave heights in the though it was possible for long-fetch swell to reach the
common hindcast results, area of interest around the ships from across the Atlan-

tic, the effects from storms outside the i i vi \ grid area
were not significant enough to invalidate the results by

The spectral estimates from the uKto common hind- using the common winds.
cast have been compared with those from some of the The wave heights produced by the i \o, hindcast run
other models. The agreement is good in most cases, with with the tKilO global winds compare %%ell w•ith the inca-
one or two exceptions. One example of an exception oc- surements that are available for the period. Most of the
curred on 13 March. differences can probably be explained by instrumental
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spread in the measured wave heights or by errors in the warm up can result in differences in wave height of O. I m
UKMtO wind fields, in the final results. Both these effects are small when

Some differences exist between the spectra of the compared with the difference in wave height bctmeen
uK.IO common hindcast and spectra from other model the mode' iun using the t;.Ko winds and the run using
hindcasts that were run using common winds. Some are the common I LA\ FX winds.
due to the model formulations and some to the ways
in which the models were run (e.g., with initialized or
noninitialized energy fields). It is not obvious which spec- REFERENCES
tra are better estimates of the truth, even with measured
spectra available, because differences between instru- GO11,dn B \V., "W.. *A a% C|Pr'ditii 10 SN ScI t11 R•d-I I i, Mc Sta 'taie I ore

ments are as great as differences between models. cadsing,- Qutri. I. R .Vlef•eeol So 109. 391-416 i1-);19
-Koinen, G. J., I a%,efnann, S., and ii a clnaii K "( I he .: n th

As a result of running the extra three hindcasts, some otfa - th0 L)eD.elopcd "\\ind Sa Spe-rtunl-. J, P I,. (hea,, ..r 14.

interesting features of the UKNTO wave model were dis- 12.1 -128 1984P.)
R ,,, c. H . " Ihe Operational \\. Modclý, D) t xion Par":T 5 1,-covered. First, when two different sets of boundary Aaitabfv lrom ilie MCteoroogical ()ltie t ibtat%. ,oncdon Road, idli',jncll.

values are entered into two identical limited-area grids, Berkshire RG12 2SZ. nrisland.
as in the control and fourth hindcasts, the subsequent orld .ee\rolop:al ()rganuation. (;uide to \\ .,c Ana1i, arid I onr

asing, Chap. 3 in ItllO..o. N 02, Secretariaz oI the '\ ard tMi •coroi)-
evolution of energy density at grid points is governed tcal Or~anzatson. (.cno a' Sw.itCriand 119;0)

not only by the differences at the boundary but also by lia-elinann. K., Barnett, 1. P, BouBM.S _, (afkn. H .a~tr:ighl. ) D l.

the computational processes of the model. Second, dif- Joit Noa urth n, o W a\ ind P a•.e (,rov, h and SIDew i)crca Z. Suring tont North Sea tVae lnrohot timONSe PId fortth wia moder A. .SSp(1)ferences in the length of time used for the wave model . (. 1973|.
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ANNE GUILLAUME

RESULTS OBTAINED WITH THE WAVE MODEL
VAG DURING LEWEX

The second-generation wave model VAG was used to run two hindcasts: one using the common winds
from the Labrador Sea Extreme Waves Experiment and the other using 10-m analyzed winds from the
European Centre for Medium-Range Weather Forecasts. The resulting significant wave heights are com-
pared with buoy observations. From the decomposition of the evolution of the two-dimensional spectra
into wave trains, the behavior of the model is analyzed and compared with the observations of the Wavescan
buoy. The discrepancies between the two hindcasts are used to evaluate the impact of the wind errors.

INTRODUCTION

The Labrador Sea Extreme Waves Experiment (LEW- ter, depends only on the frequency (f) of the wave (cR
EX), by the quantity and the quality of the measurements = g/27rf, where g is the acceleration caused by gravity).
produced, provided an exceptional opportunity to test The source term S takes into account the three main pro-
a new wave model such as VAG.' This second-genera- cesses involved in the modification of the energy of the
tion model is now operational at the French M&6orologie deep-water waves: the forcing wind fields, S, the dis-
Nationale for the North Atlantic marine forecasts. For sipation due to wave breaking, Sd,, and the nonlinear
LEWEX, a higher than normal spectral resolution and a interactions between components, S,:. Following the
finer grid were used. SWAMP 2 terminology, a coupled discrete approach is

The VAG (from VAGUE, meaning wave in French) used to solve Equation 1. For the LEWEX analysis, the
model was used to produce two hindcasts: one with spectral function E is made discrete as follows: the an-
LEWEX common winds and the other with 10-m analyzed gular resolution is 20'; 22 f-oquencies range from 0.04
winds extracted from the archives of the European to 0.3 Hz, with an incremenm 6f/f) of 0.1; and the grid
Centre for Medium-Range Weather Forecasts (ECMWF). is polar stereographic with a 100-km mesh size at 60* N.
The significant wave heights from both hindcasts were A second-order Lax-Wendroff scheme, in a version
then compared. This kind of comparison has been used modified by Gadd,3 is used for the advection, and an
for many years to evaluate the accuracy of wave models. explicit first-order scheme is used for the integration of
Because significant wave heights can now be observed the source term. Following Miles' and Phillips' theories,
worldwide by satellite altimeters, the future use of this linear and exponential growths are parameterized in the
parameter in wave modeling greatly depends on the re- wind input term. The dissipation is parameterized by us-
suits of such comparisons. Such results also are essential ing the theoretical results of Hasselmann,4 as adapted
to estimate the operational impact of more sophisticated by Golding. 5
sensors, such as spaceborne synthetic aperture radar. To match the operational constraints of a short run-
Based on comparisons with directional information col- ning time, a method of second-generation modeling is
lected during LEWEX, the potential of spaceborne al- adopted for the treatment of the nonlinear interactions.
timeters is evaluated below. Once the growth and the dissipation are computed, the

The directional behavior of VAG also is analyzed, components of the spectrum, modified by the nonlinear
based on the decomposition of the evolving directional energy transfers, are selected. The process employed is
spectra into composite wave systems (see the article by based mainly on experimental results 6 ' and is expressly
Gerling elsewhere in this volume). The Gerling diagrams designed for the model to respond to rapidly changing
are further interpreted to summarize the particular results wind fields. Nonlinear transfers are not computed direct-
from VAG. ly but are the consequence of a modification of the shape

The VAG model is based on the energy balance equa- of the spectrum resulting from these components. A
tion for deep-water waves: Joint North Sea Wave Project (JONSWAP) spectrum is ad-

justed according to

6E/6t + cg - E = S = S,, + Sd, + S,1 , (I)

where E(f, 0, x, 1), the directional spectrum, is a func- ' , = y

tion of time (t), frequency (f), direction (0), and posi-
tion (x); c. is the propagation velocity and, in deep wa- x exp[ - 1.25(fifl,) '.1- y -) , (2)
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with 15 r -- ,--

J = exp[-(f - fp)2 /2a0fr, l (3)

0

G(O - ), the cosine-squared spreading function, ()b0 00
00 0 0 0

0 0 0

= 2cos2 (o - )/Ir 5 0 051

for - 7r/2 :s 0- 7 r/2

= 0 otherwise. (4) 0
270 ,•T'

The value of a is set to 0.08, the mean value observed
during JONSWAP; fP and -y are derived from the value
of the total energy of the selected components; and a -
is adjusted to keep this energy unchanged. 0_ 180

The VAG model was run with two separate wind fields. C 00o0 C
Both hindcasts used input winds referred to 10-m height. 0 o"
For the VAG-LEWEX hindcast, the 10-m wind fields were 0°
prepared by L. Zambresky at ECMWF from the 20-m 90 O
wind fields produced by V. Cardone of Oceanweather 3: o 0

using a 6% reduction in wind magnitude to account for 0.
the difference in levels, on a 1 x 1 grid, every two

hours. For the VAG-ECMWF hindcast, the 10-m analyzed of....... _______ ....
wind fields were extracted from the archives of ECMWF 14 15 16 17 18
on a 1" x 10 grid every six hours. March 1987

COMPARISON OF THE MODELS Figure 1. Wind speed and direction at the Tydeman location
(50%N, 45'W). Buoy measurements (o), VAG-LEWEX (black), and

A detailed description of the LEWEX common winds VAG-ECMWF (red),
is given by Cardone elsewhere in this volume, and a
detailed comparison of the LEWEX and ECMWF wind
fields is given by Zambresky elsewhere in this volume.
Here, only some of the main features of the wind fields Directional Spectra
at the locations of the CFAV Quest and HNLMS Tyde- The analysis of the directional spectra presented in this
man are discussed. At the Tydeman (Fig. 1), the direc- section is based on the work of T. Gerling (elsewhere
tions of the ECMWF and LEWEX wind fields are compara- in this volume) but uses a decomposition of wave trains
ble and are close to the observed value. The rapid vari- proposed by this author using the Gerling diagrams. The
ation on 16 March 1987 at 0300 UT is well reproduced, analysis focuses on the Tydeman location with particu-
even if smoothed in amplitude. Some differences in wind lar emphasis on directional spectral estimates from the
speeds are appreciable: smaller-scale effects with rapid Wavescan buoy.
variations are smoothed, and the two models overesti- Wavescan Observations
mate at the very beginning of the period. At the Quest From the data of the Wavescan buoy (Fig. 5), six ma-
(Fig. 2), the two models disagree, especially at the be- jor wave trains are apparent: (1) (blue) until 17 March
ginning of the period. Unfortunately, no reliable wind at 0300 UT, a south-southeasterly wave train of wave-
measurements from the Quest were avai!able. length ranging from 200 to 100 m; (2) (red) until 15

Significant Wave Heights March at 0300 UT, a northeasterly wave train of 125-m
At the Tydeman (Fig. 3), the significant wave heights wavelength; (3) (black) on 16 March at 0300 UT and

obtained with VAG-LEWEX and VAG-ECMWF are com- 17 March at 0300 UT, an easterly short wind sea; (4)
pared with the measurements of the Wavescan buoy (see (green) from 16 March at 0300 UT until the end of the
the article by Krogstad elsewhere in this volume). At the period, a northerly swell around 150-m wavelength; (5)
Quest (Fig. 4), they are compared with the observations (purple) on 17 March, a southerly wave train ranging
of the Wavec buoy (see the article by Keeley elsewhere from 100 to 150 m; and (6) (orange) on 18 March, a
in this volume). Both hindcasts show close agreement south-southwesterly swell around 200-m wavelength.
with the observations. The previously mentioned differ- The VAG Model Results
ences in the wind fields do not show up. Moreover, at
the Quest location, where the winds most disagree, the With the VAG-LEWEX hindcast (Fig. 6), only the north-
significant wave heights are the closest, easterly wave train at the beginning (wave train 2) is not

159



A4. Guillaume

20 -- I 6 r r iv i l

' 10 r.-

CC

U C 2

2L.1___ ..

14 15 16 17 18

March 1987
360 . Figure 3. Significant wave heights at the Tydeman location

(50'N, 45=W). Wavescan observations (c). VAG-LEWEX (black),

and VAG-ECMWF (red).

270 6

.0 5~z J
S180 - o

4

90 
3

2

0j
14 15 16 17 18

March 1987 1 .__
Figure 2. Wind speed and direction at the Quest location 14 15 16 17 18

(50°N, 47.5'W). VAG-LEWEX (black), and VAG-ECMWF (red).

Figure 4. Significant wave heights at the Quest location (50'N.
47.5WVV). Wavec observations (a), VAG-LEWEX (black), and VAG-

seen. However, other trains are apparent, consisting ECMWF (red).
mainly of residual northwesterly waves at the beginning,
and of southerly waves of various wavelengths and in-
tensities until 17 March at 0300 UT. With VAG-ECMWF south and southeast waves of various (and somewhat
(Fig. 7), all the observed wave trains are produced, but erratic) lengths are produced.
additional ones are also seen including residual north- (2) Wave train 2 (red) is not produced by VAV.-I IF.-
westerlies and southerlies, the latter at a lower intensity. Ex. At the beginning, VA(;-R!vMW1 agrees with the ob-

We now give a more precise description and analysis servations. Later on, short waves of low intensity persist.
of the model results for each observed wave train, refer- (3) The short, mainly easterly, waves of wave train
ring to the wave vector plots of Figures 5, 6, and 7. 3 (black) are emphasized in both hindcasts, but they are

(1) Wave train I (blue) finishes at the same time for hardly observed by the Wavescan buoy.
both VAG-LEWEX and VAG-ECMwF but nine hours in ad- (4) Wave train 4 (green) arrives at the same time for
vance of the buoy measurements. The wavelength and the two hindcasts but nine hours in advance of the buoy
the wave direction evolutions are properly modeled by measurements, showing the same shift in time as for
VAG-ECMWF: a SSE initial direction changing to the SE, wave train I. Both hindcasts give a direction and an evo-
with the wavelength increasing at the very beginning and lution of direction in agreement with observations. Both
decreasing afterwards. The evolution of VA¢;-lW:WtX show persisting short waves at the end, which are not
differs: the wave train seems to be split in two, both observed. Otherwise, the wavelengths given by va\;,
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25 (5) Wave train 5 (purple) shows southerly waves su-
perimposed on the existing northerly wave field (wave
train 4). The arrival times are the same for the two hind-
casts and agree with the observations. The measured du-

E 7 . ration, about 24 hours, agrees well with VAG--C.lwI- but
S100. .. is longer than vG-tLWtEx. In both cases, the models

10 . tend to split the wave train into two separate wavelength
>200 regimes, in contrast to the Wavescan results.>• (6) For wave train 6 (orange), the two %,v.AL runs

400 15 • agree well with the buoy on both wave direction and the

20 evolution of this direction, from SSW initially, then turn-
800 ing slightly to SW. However, each model suggests a com-

12 13 14 15 16 17 18 19 pletely different timing: VAG-t.hwvX arriw,, first, 12
March 1987 hours in advance, with the longest wavelci.hs; VAG-

Figure 5. Wave vector evolution at the Tydeman location from ECMIVF arrives 6 hours later, with shorter waves, but still
the Wavescan observations. Six wave trains are identified and
numbered as follows: 1 (blue), 2 (red), 3 (black), 4 (green), 5 (pur- longer than those measured by the buoy.
pie), and 6 (orange). Additional wave trains are shown in gray.

DISCUSSION OF THE RESULTS

A number of possible explanations exist for the above
25 discrepancies. Errors in wave modeling are usually at-

tributable to errors in either the input winds or the wave
50 model physics. It is not an easy task to decide between

-- the two. Running the same model with the two different
-7 - wind fields results in some valuable information. FromS100 ---. ....

the analysis of the differences between the two vAGc
0 10 hindcasts (which are entirely due to wind differences),

3 > it is possible to comprehend the nature of the wave dis-

" -0 15 3 crepancies expected to be related to wind differences. In
400 ........ the current situation, they include differences concerning

20 the wavelengths, as shown in wave train 4, or at the be-
80012 13 14 15 16 17 18 19 ginning of wave train 6; the wave train timing, as for

March 1987 example, the arrival time of wave train 6 or the dura-

Figure 6. Wave vector evolution at the Tydeman location from tion of wave train 5; the wave intensity, as in wave trains
the VAG hindcast with the LEWEX common winds. Five of the 4 and 5 on 17 March at 0300 UT; the wave train struc-
six observed wave trains (Fig. 5) are obtained: 1 (blue), 3 (black), ture, as in wave train I; and even the wave train occur-
4 (green), 5 (purple), and 6 (orange). Additional wave trains are rence in the case of wave train 2, which is only obtained
shown in gray. with VAG-ECMWF.

Most of the differences between the v.% hindcasts
and the Wavescan measurements fall into one of these

25 categories (there are even larger differences between the
two hindcasts than between the vAc-E-CMWF hindcast

50 and the Wavescan observations). The only possible ex-
ception is the persistence of short waves at the end of

S100 .... ,7 Z most wave trains, suggesting too small a dissipation of
- , 8 these waves.

...0-- .,. 10 g3 These many examples also emphasize the sensitivity> 200- -.. CL"',•' . .
>W of the directional spectrum obtained with the V\AG model

15 3 to the input wind field and to its spatial structure in
400 - regions far away from the buoy location.

20 With the EX(WF winds, detailed model results of the
80 12 13 14 15 16 17 18 19 Wavescan observations are obtained with v..\: all the

March 1987 wave trains are modeled, even in the complex situation

Figure 7. Wave vector evolution at the Tydeman location from on 16 March at 0300 UT when the wind turns and swell
the VAG hindcast with the ECMWF winds. All of the six observed is superimposed. These improved results suggest that
wave trains (Fig. 5) are obtained: 1 (blue), 2 (red), 3 (black), 4 most of the discrepancies obtained with the N A(;-,t4-\Fx
(green), 5 (purple), and 6 (orange). Additional wave trains are winds are likely to be related to errors in the wind field.
shown in gray. Nearly equal model estimates of significant wave

height can thus obscure significantly different model es-
EC.iWF are close to the observations; for vAG-t. -vk.x, timates of the directional spectra. For example, at 0300
they are longer than the observation. UT on 16 March, both VA(6 hindcasts and the Wave-
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scan buoy produce identical wave heights (Fig. 3), but Most of the discrepancies between the vAGc model and
the buoy gives SSE waves only (Fig. 5), whereas VAG- the Wavescan buoy observations can thus be explained
LEWEX shows SSE waves together with longer NW by wind field errors, except perhaps for the persistence
waves of comparable intensity (Fig. 6), and the vA•- of short waves at the end of most wave trains. The like-
ECMWF model yields waves in two different directions, ly cause here is an improper dissipation of these waves,
but with similar wavelengths (Fig. 7). which should not have left their generation area. The

discrepancies are most pronounced with the i tvwix

CONCLUSIONS winds. With the tzc\l , winds, detailed agreement with
the Wavescan observations is obtained: all the wave

Results of two hindcasts from the second-generation trains are modeled, even in the complex situation on 16
wave model VAG, using both the LEWEX common winds March at 0300 UT, when the wind turns and swell is
and the 10-m-height analyzed winds from ECMWF, have superimposed.
been presented. At both the Quest and the Tydeman,
the two VAG hindcasts produce comparable significant REFERENCES
wave heights, in agreement with the buoy observations. 'Guillaurne, A., "VAG-Modele de PT[iSJon de rFEtif de [a Mer en F'au

However, an analysis of the evolution of the direc- Proflonde," Note de iraafl de r~tabhssrnent d't:tudes et Revher.he,
Met•orologie. No. 178 (1987).tional spectra, based on the decomposition of wave trains 2 SWAMP (Sea WaveModelling Project) (iroup. "An Inivrwmpanson ot Nk md

(see Gerling, this volume), demonstrates that comparable \Vae Predition Models, Pan 1' Prin:ipal Results ard ( oncluwsti,, in (.ktean

estimates of significant wave height disguise significantly 1$11 d, A.Je_"ink.N Plenum Pril Net ork 11985) llhase Speed Fr3 C~dd.A. .. A NmercalAde,•l~o Seem¢with S•mall h,, p*-[r

different model estimates of the directional spectra. ro,' Q. I. R. .4eteorol. Sot. 104. 569-592 (1978).
By analyzing the differences between the two VAG Hasselmann. K., "On the Spectral Dissipation of Ocean %% ae, due to %k hae

Capping,' Boundary Layer Alei. 6. 107-127 (1974).hindcasts, we can better understand the nature of the 5Golding. B., "A Wave Prediction System (or Real Time Sea State Forecast
wave discrepancies to be expected from wind errors. ing." Q. J. R. Mereorol. Sot-, 109, 393-416 (1983).
Such discrepancies include differences in the model es- ( Pierson, W. J., and Moskowitz, L., "A Proposed Spectral, Form for Full% De-

oweloped Wind Seas Based on the Similarity theory of S. A. Kttaigorodsku.-timates of the wavelengths, the wave intensity, and the J. Geophyvs. Re.s. 69. 5181-5190I (1964).
timing and even the structure of a wave train. These var- Hasselmann. K., Barnett. T. P.. Bou"s, F.. Carslon, H., Cart'right, D. F.

et al.. "Measurements of Wind-Wae Growth and Swell ),ecaý During theious discrepancies indicate the high sensitivity of the VAG Joint North Sea Wave Project (JONSVAP)" Disch. h-41rogr. Z. upp. .A
model to small changes in the input wind field. 802) (1973).
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THE NOAA OCEAN WAVE MODEL HINDCAST
FOR LEWEX

Directional wave spectra from the National Oceanic and Atmospheric Administration (NOAA) model
hindcast during the Labrador Sea Extreme Waves Experiment are discussed in detail. The hindcast sig-
nificant wave heights and spectra are found to be in reasonable agreement with the available estimates
from two moored buoys. The NOAA spectra exhibit more energy at high frequencies than other models,

possibly because of the lack of a proper dissipation term for whitecapping.

INTRODUCTION

The National Oceanic and Atmospheric Administra- cation (50°N, 47.5*W). Each ship was located at a NOAA
tion INOAA) global ocean wave model has been operat- model grid point.
ing at the National Meteorological Center since late 1985.
It is a second-generation model with the source terms, SIGNIFICANT WAVE HEIGHT
directional relaxation, and propagation scheme of Figures 1 and 2 give the time histories of analyzed
Cardone's SAIL 11 model. ' A swell attenuation term wind "7'ed and direction, and hindcast and observed sig-
similar to that in the Ocean Data Gathering Project nificant wave height H, at the Tydeman and Quest,
(oDoGP) model and the U.S. Navw Global Spectral Ocean respectively.
Wave Model (GSOWM) was added in September 1988 be- In general, the hindcast made at the Tydernan agrees
cause the operational forecasts produced by the original better with the Wavescan buoy estimates than the one
model showed that it was retaining an excessive amount at the Quest agrees with the Wavec buoy. On 15 March,
of energy in the swell portion of the spectrum. the wind speed at the Quest increased from approximate-

The NOAA model provides forecasts of the direction- ly 2 m/s to about 10 m/s and then decreased rapidly,
al wave spectra up to 72 h in the future at 3-h intervals while the wind direction also changed rapidly. The buoy
over a 2.50 x 2.50 latitude/longitude grid. Directional H, decreased substantially during the second half of 15
spectra are computed in fifteen frequency bands of vari- March and into 16 March, while the model H,
able width, with the first band centered at 0.03889 Hz decreased only during the first half of 15 March and then
and the last at 0.30833 Hz, and twenty-four directional remained relatively constant. On 16 March, the wind
bands of equal width. Wave growth is limited by the speed at the Quest increased from about 4.5 m/s to more
Pierson-Moskowitz (PM) fully developed spectrum cor- than 14 m/s while turning by almost 90'. Although the
responding to the input wind speed with Mitsuyasu's buoy H, increased sharply during this time, the model
directional spreading function.2  H, remained almost constant, suggesting a need for ira-

The operational NOAA model, with the swell attenua- proving the directional relaxation mechanism in the
tion term included and no changes in time step or grid model.
resolution, was used for the Labrador Sea Extreme During 18 March, the measured wind direction was
Waves Experiment (LEWEX) hindcasts. As described by relatively constant toward the north, while the wind
Cardone elsewhere in this volume, LEWEX winds were speed decreased. Meanwhile, the buoy H, decreased
generated using a subjective blend of all available ship more rapidly and to lower values than those of the mod-
and buoy reports. These winds were provided at 2-h in- el, suggesting an insufficient dissipation term in the
tervals on a 2.5* x 2.5* latitude/longitude grid over the model.
region of interest. Hindcasts were done over this enclosed
region with the winds interpolated to the model 3-h time DIRECTIONAL SPECTRA AT
steps. THE TYDEMAN

The NOAA wave model started from a flat sea on 9
March 1987 at 1200 UT. Hindcasts starting 72 h later, Buoy data were not available at the Tvdeman until
from 12 March at 1200 UT, were compared with the 14 March at 0600 UT. Selected directional spectra from
available data from a Norwegian Wavescan buoy (see the model and the buoy are shown in Figure 3.
Krogstad, this volume) at the location of HNLMS Tyde- In Figure 3A, the sea toward the north in the model
man (50'N, 45"W), and a Canadian-deployed Wavec spectrum is still developing, with a peak period of 9.7 s,
buoy (see Keeley, this volume) at the CFAV Quest lo- in fair agreement with the Wavescan buoy (Fig. 3B). The

163



D. C. Esteva and Y. Y. Chao

A 24 1 T-- ------ A 24 r---- r ..

18 18

i0) 12 12

0. 0.
B 18 0j• B 18 0 -' - - -- - --- - --- - = - -r -

•'90 •,90

S0 0-
o0

0 0

-90 -90

-180 - -- - ... t-180 "' .

2C 62C 6

U Ca

-180._.

C/) o n0)

" 4 .C 4

o i0

10 12 14 16 18 10 12 14 16 18
March 1987 March 1987

Figure 1. Time histories at the Tydeman from 9 March through Figure 2. Same as Figure 1, but at the Quest. C. Solid dots
19 March. A. Wind speed. B. Wind direction. C. Significant wave indicate Wavec buoy measurements.
height. A and B are LEWEX common winds; C is the NOAA model
significant wave height hindcast (solid line) compared to Wave-
scan buoy measurements (solid dots). Wind directions are posi-
tive clockwise from north, man during 12 March increased monotonically from less

than 6 m/s to less than 14 m/s, with constant direction.
On 13 March, the wind speed remained steady at about

buoy shows an energetic system traveling toward the 15 m/s but began to turn clockwise. The peak period
west-southwest, but this system is absent in the model. for a fully developed Pm spectrum generated by a con-
In contrast, the model shows a wave system to the stant 15-m/s wind is 10.9 s, in fair agreement with the
south-southeast. This wave system can be traced back peak period of 9.7 s shown by the model at 0600 UT
to swell from the Labrador Sea and was present in the on 14 March, when the wind speed began to decrease.
model spectra since 12 March at 1200 UT. During 14 March, the local wind continued turning

This south-southeast-traveling swell was generated by clockwise but decreased in speed to 10.5 m/s at 1200
strong winds over the Labrador Sea. Although these UT and remained relatively constant through 15 March.
winds had turned toward the east, a wind toward the The winds in the Labrador Sea and Davis Strait ceased
south-southeast at the 55°N, 50'W grid point contribut- blowing toward the southeast at 1500 UT on 12 March,
ed to the swell at the Tydeman. The long swell was decreased, and became intermittent. From 1200 UT,
traveling faster than the wind, with no attenuation in however, weak winds toward the southeast existed in the
the model until the waves were propagating more than northern Labrador Sea, and they increased in intensity
90* from the local wind direction, and extent well into 15 March. On 15 March at 1200

The development of the sea toward the north in the UT, a new Labrador swell arrived at the Tvdeman with
model is consistent with the hindcast winds at the Tyde- a phase speed of 15.2 m/s, consistent with a travel dis-
man producing a nearly fully developed PM spectrum. tance of about 650 km in 24 h. Even 6 h later, however,
Figures IA and lB show that the wind speed at the Tyde- when this new swell was well established in the model
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A 14 March C 15 March E 16 March G 16 March 1 17 March
0600 UT 1800 UT 1200 UT 1800 UT 1500 UT'0 Figure 3. Normalized wave number

spectral intercomparisons at the
Tydeman. Top row: NOAA hindcast
using LEWEX common winds. Bot-b tom row: simultaneous estimates
from Norwegian-deployed Wavescan

D bufom. Noecraaegiandeployed Wavescnum
ber; outer circle is 21r/100 radim. The
arrows indicate wind direction and
magnitude. All spectra are shown in
the direction of propagation, with

4* north toward the top.

(Fig. 3C), the buoy spectrum (Fig. 3D) showed no signs A 15 March C 16 March E 1? March
of it, although the buoy did show a system to the north- 0000 UT 0300 UT 1800 UT

northwest with substantial angular spreading. It is not
clear whether this discrepancy is from shortcomings in
the model or in the LEWEX common wind field. It should
be noted, however, that no measurements of surface
winds were available in the Labrador Sea to guide the
common wind estimates (see Cardone, this volume).

By 1200 UT on 16 March, the new swell to the south-
southeast had become quite energetic in the model spec- B D FB
trum (Fig. 3E). The buoy spectrum (Fig. 3F), while not
in good agreement, showed two strong systems. The new

swell became the dominant peak in the model spectrum
at 1800 UT on 16 March (Fig. 3G), with a wavelength
at the peak of approximately 148 m, in good agreement
with the swell toward the southeast in the buoy spec-
trum (Fig. 3H). Figure 4. Normalized wave number spectral intercomparisons

The 1800 UT model spectrum on 16 March also shows at the Quest. Top row: NOAA hindcast using LEWEX common
the arrival at the Tydeman of a very long (500-m wave- winds. Bottom row: Canadian-deployed Wavec buoy. See Fig-

length) swell toward the northeast, generated by a strong ure 3 caption for more details.

wind system well to the south-southwest. The Wavescan
buoy spectrum does not show this swell until 1800 UT
on 17 March, fully 24 h later than the model. As north during 15 March and most of 16 March. Early
Cardone (this volume) and Gerling (this volume) discuss, on 16 March, the buoy began to show a young sea to-
this timing problem may be caused at least in part by ward the south. By 0300 UT, the model (Fig. 4C) and
errors in the LEWEX common winds, buoy (Fig. 4D) spectra showed a dominant wind sea to-

With the local wind decreasing and turning from near- ward the south.
ly west toward the northeast, the swell to the northeast By 1800 UT on 16 March, the model showed a swell
becomes sea, and by 1500 UT on 17 March (Fig. 31), to the northeast arriving at both the Quest and the Tyde-
it is the only wave system shown in the model. The buoy man. Buoy spectra were not collected at the Quest be-
(Fig. 3J) continues to show a southerly propagating tween 0300 and 1200 UT on 17 March, but by 1800 UT
system. the buoy (Fig. 4F) shows this swell to the northeast as

a strong system. The model (Fig. 4E) has attenuated the
DIRECTIONAL SPECTRA AT THE QUEST system to the south almost completely, and the buoy,

Wave buoy spectra were available at the Quest start- while still retaining it, shows it traveling more toward
ing at 0000 UT on 15 March. Selected NOAA model and the southwest.
buoy spectra are shown in Figure 4. At 0000 UT the
model (Fig. 4A) shows a sea to the southwest and a swell SUMMARY AND CONCLUSIONS
to the northwest. The buoy spectrum (Fig. 4B) shows Except for 16 March and early 17 March, the model
swell only to the north. During the latter part of 15 H, and buoy -1, are in good agreement. Apparently
March, the NOAA model turned the wind sea (wind- the model does not respond well to rapidly turning winds
driven sea) counterclockwise following the wind, and the increasing in speed. This problem might be attributable
wind sea coalesced with the existing swell toward the to inadequate directional relaxation. Further testing is
south. Both model and buoy retained the swell to the needed.
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In general, the NOAA spectra agree reasonably well and opposing winds. Improvement in these areas is be-
with those estimated from the buoys and are consistent ing considered.
with the hindcast wind patterns. Discrepancies between
the model and the buoys, as described above, may be
caused by errors in the hindcast winds, by the buoy REFERENCES
reflecting other processes such as swells propagating 16rem,,,, J. A.. Cardone, V, J., and Lawson. . \1 "Intr ompariaon IhLt

from outside the considered region, or by interactions Ver,,m of the SAIL W'k Model.' in (A•rui •n'at .ktdelttt. 'enu.rn New

with the Gulf Stream not accounted for in the model. York, pp. 221-233, The SWAMP Group (1985).
The NOAA model appears at times to inadequately ac- Mitsuyasu, H., Ta_,ai, F., Suhara, r., Muiuno, S., Ohkusu. M,., et aJ., "Ob.

ser~atinm, of the Directional Spectrum of (Xean ,\aes L.sing a ro.erleal
count for dissipation of wave energy from whitecapping Buoy," J. Phvs. O'eanogr. 5, 750-760 (1975)-
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AN EVALUATION OF TWO WAM HINDCASTS
FOR LEWEX

Two wave hindcasts were made by the WAM model during the Labrador Sea Extreme Waves Experi-
ment (LEWEX). One used surface wind fields from the European Centre for Medium-Range Weather Fore-
casts, while the other used the common wind fields provided as part of LEWEX. Both sets of wind fields
were evaluated against available ship observations, and the two wave hindcasts were evaluated with in
situ wave observations. Although each set of wind fields was of reasonable operational quality, the resulting
wave hindcasts were markedly different.

INTRODUCTION
Two separate wave spectra hindcasts produced by the energy from wind to waves, S,] represents the nonlinear

third-generation ocean wave model w.wt were executed transfer due to resonant four-wave interactions, and Sd,
as part of the Labrador Sea Extreme Waves Experiment is the dissipation resulting from whitecarping and tur-
(LEWEX). The first hindcast used operational-quality sur- bulence.
face wind fields from the European Centre for Medium- For the LEWEX hindcasts, the wA.%i model was imple-
Range Weather Forecasts (ECMWF); the second used spe- mented on a 1* x 1V spherical grid. The wave spectrum
cially prepared common (LEWEX) winds (see Cardone, E( f, 0) (at a given position x and time t) is divided into
this volume). The common winds were provided to all 26 frequency bins; the center frequencies range from 0.04
wave models participating in LEWEX to separate model to 0.42 Hz on a logarithmic scale with a relative frequen-
performance differences from model input differences. cy resolution of Af/f = 0.1, and 12 directions yield 30*
The evaluation of wave hindcasts was incomplete with- angular resolution. Beyond the high-frequency cutoff,
out also having some knowledge of the accuracy of the an empirical parameterization is used. Wave propagation
wind fields; an analysis of both sets of wind fields was is computed by a first-order, upwind, finite-difference
made with available ship observations of surface winds, scheme.
A correspondence was found between features of the The performance of the WAM model has already been
wind fields and components of modeled wave spectra. evaluated through the hindcasts of six extratropical

storms on the northwest European shelf, 3 three hurri-

THE WAM MODEL canes in the Gulf of Mexico,' several storms in the
Mediterranean, 4 and, most recently, daily verification

At ECMWF, WAM is executed four times daily and at ECMWF of the global version in near real time using
computes two-dimensional ocean wave spectra, E(f, 0; buoys of the National Oceanic and Atmospheric Ad-
x, t), over the entire globe, where f and 0 are the fre- ministration. 5

quency and direction of the waves at position x and time
t. The foundations of this model were established at the WIND FIELDS
Max-Planck-Institut fMr Meteorologie in Hamburg.1,2
At ECMWF, work has been carried out largely by an in- Although both Oceanweather, Inc., and ECMiNNF wind
ternational group of wave researchers representing insti- fields are of high operational quality, the wave fields
tutes from 10 countries. produced by the two hindcasts differed significantly.

The wAM model implicitly integrates a basic transport Figures 1A and I B compare portions of the wave height
equation that describes the evolution of the two-di- fields on 16 March 1987 at 1200 UT. The LEWEX hind-
mensional wave spectrum: cast was more energetic, having a maximum significant

wave height of II m for the large storm system to the

aE southwest of the LEWEX area, whereas the highest waves
+ V . (CgE) = Si + Sni + Sd, - (I) in the ECMWF hindcast were only 7 m. The differences

at between the two hindcasts made at the locations of the
research vessels CFAV Quest (50.0°N, 47.5°W) and

The left-hand side of the equation describes the wave HNLMS Tydeman (50.0°N, 45.0°W) were only minor,
energy E propagating at the group velocity Cg. The however.
physical processes affecting the wave state are modeled Since the WAM model was unchanged for the two
by the three source terms on the right-hand side: S,, hindcasts, the differences between them arose from
represents the source function describing the transfer of differences in the forcing wind fields. The correspond-
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Figure 1, Wave height for 16 March at 1200 UT. The wave- Figure 2. Wind fields for 16 March at 1200 UT. The wind-speed

height contours are in meters, and the arrows point in the mean contours are in meters per second, and the arrows point in the
wave direction. A. LEWEX waves. B. ECMWF waves. 0 and T wind direction. The ship observations are plotted as wind barbs
designate the Quest and Tydeman positions, respectively, in knots. A. LEWEX winds. B. ECMWF winds.

ing LEWEX and ECMWF wind fields for 1 6 March at 1200 error (including instrument error, human error, and ship
UT may be seen in Figures 2A and 2B. Available ship motion) is estimated at 3.6 rn/s per component in the
observations of winds are superimposed on the wind North Atlantic, giving a vector rms wind error of about
fields as wind barbs in knots. The LEWEX winds resulted 5 rn/s. The vector rms error of the ECMWF wind fields
in a more highly developed storm system, with a large for the LEWEX period was close to 5 m/s, so it can hard-
area of northwesterly to westerly 20-rn/s winds; the ly be improved.
ECMWF winds were lower, on the average, at 16 m/s. Using the hindsight gained by the wave hindcasts, the
Just to the southwest of the Q,,est and the Tydeman, wind fields were compared to ship observations by divid-
however, the ECMwE: wind field contained higher ing the I.EWEX gecjraphieal grid into three regions. At
southeasterlies (16 m/s) than did the LEWEX wind field the Quest and t he Tvdeman, the wave spectra contained
(12 m/s). components generally from the northwest, the southwest,

The differences in the wind field structure directly af- and the southeast, as well as a component of locally gen-
fected the components of the modeled wave spectra in crated wind sea. Unfortunately, no ship observations
the LEwEX observing area. Since a wave model cannot were made in the Labrador Basin (50 0-60 0W and
be evaluated properly without considering its input wind 500°-6O&N), so no analysis was possible there. Therefore,
fields, both sets of wind fields were verified by using the three areas chosen were the following, defined by"

available ship wind observations, the lower left-hand and upper right-hand corners of each
Because ship wind observations themselves contain sig- region: the southwest (30° N, 800°W and 480°N. 480\V);

nificant error, their usefulness is sometimes questioned, the southeast (35°N, 48 0W atnd 55 0N, 30 0 W); and for
At ECMWJ', the root-mean-square (rms) ship observation locally generated wind sea, the near field (400°N, 55°W
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and 55 'N`, 35'\V), InI the ,outhi,,sts aea, (thc aeraew. A
numbevr of obserx atrons as ailable durine a qvhour Initer
\al xas 00, but InI both the southeIast and heI Ilear rII&,

the ax erage %,,as orilN 25. ý

SOuthxs~est AXrea
The genesis, Ljrokkih, and deca\ o! a nioderatels lairge

stormi system ocscurred in the southsxest area. [hw stoinro
55 stemi Influenced \%axe spectra obsersatioris at the Quest C7,
and the Tivde'nn in the form of burr period south -
xxesterlv Sxcil that arrix ed durinu the latter part oft I- t

X.. his storml %kas a major factor InI all miodel hindeasts
and xý as handled in a substantial[% dit tercrnt tashiion bx '4,.
each of the t%%o sets of ,%ind field,,. ' '

-The %kind bias statistics for the southsxesti area are prc- Fgre.A)i issailr uti r,.
sented in Figures 3A- and 3B. The ,ector rms, biases for Fmean 3.ar Di'n as in MetUrm 'u'rj Bni P.seri Att n
F( NIA i %ersus ships were subsiantiall\, lo%,er than the\ speed The Obiac: curve$ teoreSent Mt'~,s~ nuS %M lo
wvere for the i ix ,k \ cotflmnoti w~inds \ersus, hips. [e viinos ano tn"e T,0 -6fves fpePI-crnt r'r c:mnwi '

mean bias shox~ed the it i.\ i \ common x% inds, to K, flu Shp il,

higher than those of thle ships, especially onl 15 March,
wh~ereas the i.c siwi %xinds isere shgchtl loxer. I'lhe scat-
ter index (time series not presented), defined as the xe~r A
rms div ided by the mean winld speed, xsas on thle aserage
about 75v t'. for the common xs md s, ,x hereas for t \m\ 1 7 5-
it vvas about 501}o. Thus, x'e mas conclude that for the E
comrmon i tr'sF wxind field hindecast, estrimates of ssaxe
spectra at the Quest and TVdeman b,. anl unbiased xsa-xe P
model should show an early and oxerdex eloped arrixal a 5
of southwesterly sxx dl during the latter part of' t i-, i
Convýersely, for the Eýc\Ixv hindcaist, the arrial of 2 25
southwesterly s\ýell should be slightly underestimated.

Southeast Area *

The wxind bias stPrsfor the southeast area are pre- -2 5.........
11! 12 13 '4 15 'if I-' '8

sented in Figures 4A zr::J 4B. Differences be"'ween the two Mac 9
wind fields were not as great as in the southxxest. but the Fgr .Wn issaitc 0.!esulhatae cc
common w'inds generally had the high.cr biases, as can Fig-sure 4 Win as intae ýtics YeOr 0~ m~teant basn ea A c,~
be seen particularly in the mean bias. On 12 and 13 speed The black c-urves -erresent EteicP win~s rnnmjs sh-.
March, the i wxcommon wxinds wxere biased unusually xinds and irre red curies represent £..scornrncn vln(% m-,
high, but on 15 March, the southeasterly floxk wNas under- nus ship winds
predicted. Curiously, this underprediction happened at the
same time as the overprediction in the southwest. The
mean bias for the tustxvr winds hoxered consistently
around zeto. This analysis indicates that betsxeen 14 and A
17 'March, the southeasterly sw~ell generated by an unbi- ) A
ased wave model driven h-, the i-iixu common %N Inds t.

would be too weak, whereas- for the i ( \m f hindcasti, it *'.1 -' \
should be reasonably mxe01 estimated, 0 5

Near-Field Area 2 25

Figures 5A and 5B present the wind bias .tatnstics for 5 ..

the are-I in the immediate x icinity of the ships. This area/
is the source of loea.1x venerated %%sind sea and is ref erred 2- .

to as, the near field. [he sector rmsý differences, xere only y .. ~
slighzly higher for the common winds. [he mecan bias
for bo'th xx ind fields, sxas close to zero, so rio sivnificant 2 ~1 5-1 7 1

difference eisted betti- ceo the ,hip xkinds, and those o! Mairch 1987
either wind field. Ukt sx een 14 Mlarc:h and 16 Mlarch. hox.x
e-xer, the i i sii \ commnon wxnds, mxer tlascd hich in (thc Figure 5, Windt has stantis*c5 ýj'tie 'no m f-od area ~,'
souths'est and loxx in) the southeast(, as, shoxx iii in ivureý rQj~ýar ti.Tdma cvmal5,ý~ tv

ine i ~ ectof 8 Mean biass in the wind sipeec Im ,,~
3B and 4B. These opposite ,iie ended to c'aticel one r r,?-'esenr ý';x'w, winds nr nus shiv win~ds, andt, Fec
another III the ox crall bias, of tie near field fich !,irgee -'ev esrent _tc'"; commo twrnrds minki, st,hp,xn
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jumps in the sector rms biases in both wind fields on Table 1. WAM hinfdcast stats14cs from Wavescan buoy est!

17 March were caused by outlying observations near mates of wave height at the Tydeman. 14 March at 0600 UT to
19 March at 1200 UT

shore and were of no consequence. 19 March at 1200 UT
W.SM hnidcast \V xst hindcast

WAVE-HEIGHT FIELDS AND SPECTRA 'Aith t-( ,IAt "ith iI-'A t

With a better understanding of the wind fields and Hindcast statistic wind Ainds

their effect on individual components of wave spectra,
some of the features of the two V.-AM hindcasts can be Average bias (in) 0.51 O.18
interpreted more easily. Wave-height time series, both Root-mean-square
modeled and observed, are shown in Figure 6A at the bias (tm) 0.66 0.37
Tydeman and in Figure 6B at the Quest. A summary
of wave height bias statistics, averaged over the entire
interval for which buoy observations were available, is Correlation
presented in Table 1. In Figure 6, the Norwegian Wave- coefficient (187 1.75
scan buoy observations are from Krogstad,6 the Dutch
Wavec observations are from Datawell by, the Dutch Norc: Resuht are en as hindcst es mmw buoy est:xac

Delft observations are from Oomsj and the Canadian
Endeco observations are from a report of the David W. A
Taylor Naval Ship Research and Development Center.' - --........... ,.. .. .. . ...-.. *. -.

At the beginning of the experiment on 13 March, the
significant wave height from the common tixvfr:x wind
field hindcast was substantially higher than that from . /
the ECiwF hindcast. Unfortunately, no wave height ob-
servations were made, so we do not know which hindcast , 0

is more correct. During that early period, however, the 8
LEISEX common wind field biases were large and positive • 2 -4

nearly everywhere (Figs. 3-5), so the wave heights from
those winds were probably too high. Between 14 March J5
and 16 March, the wave heights from the ECRAWA hind- 0 .. .. . . .
cast were in better agreement with the observations, 6 -- ...

probably because the southeasterly flow was better esti- -

mated. For the remainder of the experiment, the wave -

heights from the common L.EWEX wind hindcast were in a, 4
remarkable agreement with observations.

Interesting differences between the two w.k\i spectral
hindcasts occurred between 16 March at 0000 UT and
17 March at 1200 UT. Four sets of spectra from the two 2
w;A-t model hindcasts are shown in Figure 7, along with
the associated Wavescan buoy spectra. In general, the U

w.,,vi model spectra were broader than those from the 0-.............. -. .. .
Wavescan buoy, reflecting the coarse 30* angular reso- 13 14 15 16 17 18 19

lution of the model. March 1987

On 16 March at 0000 UT (Fig. 7A), the Wavescan Figure 6. Modeled and observed significant wave Meights
spectrum showed a unimodal southeasterly component A Tycdeman. B. Quest The black curves reoresen1 The •_C•.V
(from the southeast, toward the northwest). The i-cs•xi f hndcast, and the red curves represent the LEV4EX hindcast The
spectrum was bimodal, with a dominant southerly com- symbols designate the fotlowing buoy observations * Wave

ponent in rough agreement with the Wavescan and a scan: .%. Wavec , Delft. Endeco

weak northwesterly component not observed by the
Wavescan. The +.,-EWEx spectrum was bimodal. vsith a
weak southerly component and a dominant northwester- was also present. The differences beikecn hindcasts dur-
ly component in complete disagreement with the Wave- ing this time support the earlier conclusion regarding hi-
scan. For a period of 12 hours from 15 March at 210X) ases in the southeasterly vwinds, that is, the itwmx
UT until 16 March at 0900 UT, the mt.%vx hindcast southeasterlies %%ere underestimated, and the t \t\5

spectra were nearly unimodal with northwesterly swell. southeaster!ies were rcasonabhl correct.
During the same period, the Wavescan spectra were also On 16 March at 12(X) l IT (!i. IB). both the Wa\ve-
nearly unimodal. but wsith a southeasterly component, scan and the t ( \mt spectra present opposing xsa'c sx,,-
so the I.t:WEX hindcast spectra differed from the oh- terns. T'he northxscsterl\ contponens vserc in gooxd agree-
served spectra by nearly 1800. The u( -: v hindcast dur- ment in peak v-axc number and direction, but the
ing this same period hld a dominant southeasterly corn- southeasterly component of the t t \m i smcttrum lacked
ponent, although a weaker le\,el of northwesterly sv-ell the double peaked structure cvident in the \Vavescan
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Figure 7. Comoar:v. of normal-
S'Zed WAM spectra to' EcMyV ilop) arnd4 ,L VVEWE (MICleJ Win(! tields With b

. ~served Wavescan buoy spectra ibot
' . ".. "torn) at the Tydeman. A 16 March at

---. --- - -, --...... .. .. 0o00 UT 8 16 Match at 1200 UT C

17 March at 0600 UTý D 17March a,*4 ".- .1200 UT The spectra are shown rn a
-/ linear wave number format. with ca!

. . -L--. _bration circles at 2r,400 m, 2r1200 m,
and 2x/r00Orm Wave energy s shown

W in the direction ol propagation

spectrum and was more northerly by about 45*. The SUMMARY AND CONCLUSIONS
LEWEX spectrum was unimodal, having only the north-
westerly component. The peak wave direction was in -vo hindcasts Aere made by the ' s\t model in sup-
good agreement with the Wa,,escan, but the peak wrave- port of i t-x\\i, one using \\ind fields from i ( \m i and
length was too long. the other using It -s common sind fields, The model-

On 17 March at 0600 UT (Fig. 7C), the t.(-WF hind- ed wave heights and spectra ssere compared v ith in ,wi
cast had a strong southerly wind sea and a weak north- buoy observations, and the modeled wind fields w'ere
erly component, whereas the [..rEwEx hindcast was dora- compared with ship %kind observations.
inated entirely by long-period southwesterly swell, and the Although the spectra for the i+s vsi hindcast at times
Wavescan had only northwesterly swell. Thus, although differed significantly from those of the \Wasescan. the
the wave-height estimate from the t.Ewr<x hindcast was wave height estimates were clearly more accurate than
in remarkable agreement with observations made on 17 those from the i-stsst hindcast. Significant ý%a'e height,
March at 0600 UT (see Fig. 6A), the modeled wave direc- however, does not necessarily provide a reliable measure
tion differed from the Wavescan by 135'. At the Tyde- of skill for a wave model, because it is an integrated tto-
man, the LEWEX hindcast first showed the arrival of long- tal energy) parameter. Different components of the 'kase
period southwesterly wave energy on 16 March at 2100 spectrum may be simultaneously under- and oscrpredict-
UT, a full 24 hours ahead of the arrival observed by the ed in a fashion that only coincidentally leads to the cor-
Wavescan. The ECSIW-F hindcast had this southwesterly rect total wave energy. In summary, the it( \ts hind-
energy arriving only three hours early, which was haltf cast ssas more successful than the it 's \ hindcast in
the six-hour time step of the E.c-mw-F winds. rhe hindcast reproducing individual components of the obxerxed wase
spectra thus reflected the previously identified biases in spectra. escn though it performed less vsell in cstimatine
the development of the storm to the southwest by each total significant ssase height.
of the two wind fields, A clear correlation existed bet\%ecn biases in the -sind

On 17 March at 1200 UT, the Wavescan observed a fields estimated from ship obscrsations and the under-
bimodal spectrum with the two components nearly 180' and oerprediction of wase components by the t\%o hind-
apart, with the northerly component dominant. The cast,. The \Nind-ksave model system mnust be considered

(cMwiwf hindcast came closer to reproducing this situa- as a whole because the wase model is highly sensitive
tion, as it also showed a bimodal spectrum, but with only to the wind fields driving it. The difficulit ot ,pecilying
a weak northerly component. The iF-NvL\ spectrum was vsind fields correctly for operational \%a-,e forecasting v,
unimodal, with all the energy in long-period southwsester- aLgain reealed b% Ii I %X.
ly swell, completely unobserved by the Wavescan. Both Identifying ,pecific problems in \s Nsi model phyics
model hindcasts, then, had insufficient energy coming i,, difficult in an area of such comple\ gcogwiaphN and
from the north. Although the estimate of wave height meteorology. One observation can be made, ho\\ccr.
for the u.t".x hindcast was excellent (Fig. 6A), the wvasc that \sý .ss spectra Xwere often broader in trequencN and
energy came entirely from the wrong generating area. direction than Wasescan spectra.
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WILLIAM PERRIE and BECHARA TOULANY

DIRECTIONAL SPECTRA FROM THE BIO HINDCAST
DURING LEWEX: THE WAVE-ICE INTERACTION

During the Labrador Sea Extreme Waves Experiment, a careful accounting of the ice edge s as made,
a hindcast was done in four overlapping runs between 9 and 19 March 1987, and the ice edge "as updat-
ed at the beginning of each run. When the ice edge is included in the hindcast, the wsave heights and
the directions of the spectral peak may differ appreciably from those in the ice-free situation.

INTRODUCTION

Activities on the Grand Banks and off the coast of balance and combine with one another is discussed b,,
Labrador during the winter and spring months are sig- Kitaigorodskii, Komen et al.,_ Phillips,' and others. An
nificantly constrained by the presence of ice. The distri- exact computation of the complete Boltzmann integral
bution and ice extent can be highly variable from year for the nonlinear transfer, as derived by Hasselmann."
to year and even from day to day. At its extreme, the is not possible for any bit the simplest two-dimensional
ice edge covers regions north of the Labrador Sea and wave situations. Second-generation models express the ef-
the entire Grand Banks, and extends as far south as the fects of nonlinear transfer on the evolution of the sprc-
Nova Scotian coast. The median extent to which the ice trum in terms of a small number of degrees of freedom.
reaches is 48"N. On the northern side of the Grand The models depend on the spectral growth with fetch as
Banks, ice comes to within 40 km of Hibernia about ev- inferred in the Joint North Sea Wave Project study of
ery other year. In addition to interannual variability, Ha.sselmann et al., Donelan et al.,' I)obson et al.," anid
short-term and local changes caused by winds and cur- others. For the simple wave fields for xvhich they are
rents can move the ice edge as much as 100 km in a sin- calibrated, these models generally perform well. but the,
gle day. Ice behavior on these short time scales is not do not have enough degrees of freecdom to accurately de-
clearly understood. The ice varies up to about I m in scribe complicated wind situations, as considered in the
thickness, and is a mosaic of complexity in composition. Sea Wave Modeling Project (S\\ ANPN study. I

On a time scale of days, the ice edge and the ice dis- The complete set of interaction configurations, allowed
tribution within the marginal ice zone change in response to nonlinearly transfer, is replaced by a small subset of
to wave, current, and wind forces. In comparison with these interaction configurations in the third-generion
the ice-free situation, the nonlinear transfer of energy WAM wave models." " The subset is assumed to be in-
from wave-wave interactions among surface gravity dependent of the spectral energy functional form and con-
waves is altered by the presence of a distribution of ice stitutes the discrete interaction approximation. It is also
floes and the associated scattering of waves by ice. Wind assumed to be a basis set, representative of nonlinear
input into the energy spectrum of the waves, the plane- transfers involving other parts of the interaction config-
tary boundary layer,' and wind stress, as well as dis- uration space.
sipative mechanisms such as wave breaking, are also Later we will describe the procedures for preparing
altered. both the wind field and the ice state during it i:.\. The

A multiyear study (the Labrador Ice Margin Experi- forcing winds are those constructed for the North At-
ment-) of the Labrador/Grand Banks ice margin dy- lantic by Cardone (this volume). Ice information is from
namics began in 1987. In its first phase, the study coin- the Canadian Atmospheric Environmental Service Ice
cided with the Labrador Sea Extreme Waves Experiment Forecasting Centre. We computed the resultant wave
(LEWEX), resulting in a basic data set that included ocean field as height contours over the hindcast area and as
currents, ice velocity, aerial photographs, wave-induced two-dimensional wave spectra at the CFAV Quest and
motion, ice-surface properties, and synthetic aperture ra- HNLMS Tydeman.
dar imagery for estimating the energy and momentum
coupling between waves and ice in the marginal ice zone. WIND FIELDS AND THE ICE EDGE

Present wave models are limited by how well they rep-
resent the dominating physical processes: the input of The wind fields use a fine-mesh grid from 38,75°N
energy caused by wind forcing, the nonlinear transfer be- to 52.5*N and from 42.5'W to 75.0°\V, sitlh increments
tween spectral components as a result of wave-wave in- of 0.625' in latitude and 1.25' in longitude, embedded
teractions, the dissipation of energy in wave breaking and within a coarse-mesh grid extending from 25°N to
whitecap formation, and the propagation of energy at the 67.5°N and from 20%W to the coast of North America
wave group velocity. The manner in which these processes (80W). Rather than nest grids in the xs ssx model, \%c
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performed the hindcast on the fine-mesh grid for the en- as seen trorm the Quest and 'vdettun. [he ice has no
tire area extending from 25 0N to 67.5°N and from 20"W effect orn the hmndcast %8ave height.
to the coast of North America. Tile wind field for this
area was created by taking the fine-mesh Cardone winds A..
over the fine-mesh grid. Coarse-mesh winds were inter- -.

polated linearly to give a fine-mesh wind field for the
complete area extending from 25'N to 67.5'N and fromn
20°W to the coast of North America. Thus, we hind- E- 6-
casted the entire area using these fine-mesh winds.

Using the wssi model, we first did the hindcast from 4
9 March at 1200 UT to 19 March at 1200 UT, with no
consideration for the ice edge, to give a baseline for corn- 2-
parison with ice-edge effects. Observations of _ 10%o ice . .
cover are shown in Figure 1. A second hindcast was done C o
in four overlapping runs, each beginning and ending at
1200 UT: 9 to 13 March, 12 to 16 March, 15 to 18
March, and 17 to 19 March. The first 24-hour interval I
of each run was regarded as model warm-up time and . I.1- 0,2 - • •
discarded. At the beginning of each run, the ice edge C
was updated and treated the same as the land boundary. J \

MODEL RESULTS
Time series of significant wave height (H,) and mean o0 L1 13 15 17 19

frequency (C) at the Quest and the Tydeman are present- 13 17 19 1198

ed in Figure 2. Figure 3 shows significant wave hughts March 1987

in each frequency bin at the Tydeman for each of the Figure 2. Time series at the Quest and the Tydeman A Sig-
nificant wave height (Hs) at the Quest B Significant wave

LEWEX wave systems. From the point of view of height at the Tydeman. C, Mean frequency (t) at the Quest. D
wave-ice modeling, LEWEX consists of three phases. Mean frequency a* the Tydeman. A black curve means the ice

During the first days of the experiment until about 13 edge is modeled, a colored curve means it is not.

March, the winds are northwesterly from the Davis Strait
and are associated with the formation of the ice tongue
stretching to the southeast from Newfoundland. Ice in
the Davis Strait shortens the effective fetch across the A 25
Labrador Sea, resulting in a reduced H, and increased 5
f relative to when the ice is ignored. On 12-13 March, 50
the reduction in H, is about 25e10 and concerns locally E 7
gcnerated 200- to 400-m waves, as shown in Figure 3. . 100 .

From 13 March until aic-it 16 March, the intermedi- ."

ate phase, the dominating winds vary from northeaster- > 200
lies to easterlies to southerlies, and are toward the ice : >

400
650 60* 550 50° 45° 20

-- . . 800

550 12 13 14 15 16 17 18 19
10% ice edge " March 1987

8 March :
11 March- .. 8 25
15 March ...... .. .

"8•March- Tydemanls 0 0
050

- Quest 7"1:: • J • 100 ...
z C 0 .5•

> 200
.1450 1

450 . 400

205...0. • I5 800
650 60 500 12 13 14 15 T6 17 18 19

West longitude March 1987
Figure 3. Time series at the Tydeman for significant wave

Figure 1. Time evolution of the ice edge bounding _ 10% ice height H. and the mean direction in each frequency bin A The
cover in the vicinity of LEWEX, between 8 and 18 March 1987. ice edge is modeled B. The ice edge is not modeled
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During the final phase of IIWVEX from 16 March on- A
ward, the dominating winds are from the southwest, over
the ice tongue stretching southeast from Newfoundland
and now receding toward the Gulf of St. Lawrence. An
intense cyclone is centered at about 40'N and 55A'W (cf.,
Gerling, Fig. 7, this volume), with swell and winds prop-
agating through and over the ice tongue, particularly on
17 March. Thereafter, the winds and seas subside. Lo-
cally generated waves have reduced energy for 150- to
300-m waves from the southwest on 17-18 March owing
to reduced fetch, as shown in Figure 3A, compared with
the ice-free situation in Figure 3B.

The moored Wavescan buoy is described by Krogstad
(this volume). During the third phase of the experiment,
from about 1200 UT on 16 March and later, the buoy
tends to favor results obtained ignoring the ice edge rath-
er than those obtained when a careful accounting is made
of the ice distribution. This is perhaps accidental, because
during the second phase, when the ice has little influence
on model estimations, the buoy is not consistently close
to the models. Alternatively, modeling of the ice edge
at 20076 coverage rather than 10%, as we have done, may
improve the comparison of buoy to model.

Updating the ice edge on 12, 15, and 17 March at 1200 Figure 4. Compansons of two-dimensional spectra at the Tyde-
UT gives discontinuities in the time series on 13, 16, and man on 13 March. A. The ice edge is modeled. B. The ice edge
18 March at 1200 UT because of the sudden change in is not modeled. The yellow color indicates high spectral energy

model prediction. This is evident in the plots of H, and density.

f in Figures 2A and B. The discontinuity at 1200 UT
on 16 March occurs because the 24-hour warm-up peri-
od is not long enough for the spectra to blend in with
the previous overlapping run. Thus, as shown in Figures 65138
3A and B, the mean waves travel in the same direction o Quest
but are shifted to higher frequencies. This discontinuity a Tydeman

is inevitable with the short overlapping runs of the study. 550 38'-
Had the ice edge been continuously modeled, the prob- o .
lem would have been avoided. Similar discontinuities oc- .• .

curred on 13 and 18 March at 1200 UT. 1945'38'

The effect of the ice is felt in frequencies correspond- ° 3
ing to locally generated waves. Figures 4A and B comr- Z

pare the two-dimensional spectral estimates at the Tyde- 35f 38"

man on 13 March during a three-hour interval when the
ice edge is modeled and when it is ignored. The spectral
peak is at 150*E (from degrees true) in either situation. 25,38'

In the latter, swell from the previous wind direction is B651 38. .'

enhanced owing to an overestimated fetch. Therefore,
although both peaks are at 120*W and northeasterly ..
winds dominate by 0600 UT, the spectral peak first 55- 38'-
makes the transition from 150°E to 120*W when the .
ice edge is modeled. For a short period, the difference --
in direction of the spectral peak is 90". i545- 38'"

Computed H, contours for the entire hindcast region ,3.
in Figures 5A and B give information for regions other z
than the positions occupied by the Quest and Tydeman. 35 38- j
Ice reduces the effective fetch for northwesterlies rela-
tive to the situation when ice is ignored, as in Figures
2A and B. 250 8160, 40, 20

West longitude

CONCLUSION Figure 5. Contours of Hs (in meters) on 13 March at 0000 UT
A. The ice edge is modeled, 8 The ice edge is not modeled

Except for positions close to the ice distribution, The ice in A and the land boundary in B are indicated by the
duration-limited surface gravity waves have been shown heavy line.
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to have essentially the same growth as in ice-tree I'iil' 0 Mi., -~uriu ' eJxfjýId s,141.,al PYfVI` "I qW I jtuiluithr Wt) tlll

waters. 141 Possibly our most restrictive assumptions It ~ I% Id iscfd'd( 'Aa <" I I 11d %fh, 11 1 W 40' I I I .'r
tta'slillinflýK ti %w fiittal I Tic! cs I falk !c ii j 6 a, I ' I r lcare that (1) no accounting is made of low-frequency spec- ~ II ~I ul ) di I I J /1- Wil 12 -t"1 Sfk (110[

tral energy that could be transmitted through bands of' 1 1 lrct ' . 1(us' I 'lo, , 13t 1)

ice, such as the ice tongue stretching to the southeast li~~niuts~ \J'%.o'(~~had I-VII lkc', a elt 0"~r
1 ou NftI K- ii , c~ Prow 11 t\SV'k -\1t, C t h If, a",, / N! 12

from Newfoundland; (2) the ice floes can scatter wave
energy but cannot drift; and (3) whereas the ice distri- l)~nciallr. \1 A. fi(.rtlilott, j, alid Hut. Xk If ot 1Ia~''

bution is a mosaic of complexity, we modeled it simply \\.SS trIIhfW\)I~dm.13 ~r
as a solid boundary. lokb-oI, I . I'crrrt'. \k. ,nd I ruIatni. BI , Ork 11c Deepir-V acl I

At the Quest and Tydeman, the ice (1) reduced the ttrr Vr i id urturaefic Sur t",c ( ; Aii . i 'Ira,,", lit'" L- w 2'?. 2oZtt

effective fetch in the early days Of LEWEX, (2) provided '\tcilder 3I , Ban.ti I lk-nom. I , lirrr'ma~. C aidolic %I

sheltering later in the experiment, and (3) was felt in fre- a) A , -war %kl'rrklK~litIt iProect -\0"l' Atite ... "wu.

quencies corresponding to locally generated waves. or kk in N~ ~~ii Moduls. Piazt I Prmecpic Hevultt aid ( on'luvr-'ti''

This work could be extended to an analysis of (jo- Pr, , IL R.t inp ,, It ai,,iu,,, ) andn I',',, 11Ii I vhc (), eu

sat altimeter data to compare its H, contours with lla,wl ijtnLi and fla,. mputatrrK. and 'ar'-

those computed here. The data set for i+,svtx rem~ains ~ Ltut( p~t~ iteta. bia a'dtnia,.

significant for the investigation of data assimilation and /'II 0(vw 15. 1169 117' 0C9$,0)i. ,

model physics lasslmaurt. S . liascmatnn. 1K A'llender, Jit

'pLtuln. P'all I I o'a untra' tiret i Nonfilrnar I nerpg In ranttr lo
-\~~~rp~~~i~~ann'n1- innf \' te\odl IPin Jn'nnIS

REFERENCES P ltlnni avemnn K.Knncn.CjJiinr ' I A.'s j'

10%erland 3.. Reynolds, R. It., and Pease, C. H., ''A Mlodel of the AL- :I al..('he \%.AM M\JlnJI, aiIbnid (nenrainnin .ke0an kkj5 ate I'dilntnII \tnd

mospheric Boundary Lay'er Oier the Margnnal Ice Zone.'' J. Ge'pphiun. He, cC- J. Phi, Oceanvra' 18, 1'71 1)(11 19I .IWiaO.~e

88. 2836-2840 (1983). Ma".onn. D.. 'Spenvtral tta 1 timtnio t %kinnd ("Cnc: and 'tanýC
2 McNutt, L., Argus. S., Carse), F., Holt, B., Crawford, J., el al.. iLN~x , n a Diiterod Ice field." I. 17inan liftN/ 202, 41 ?I11 i5/m)

'87: The L.abrador Ice Margin Experninent, March 1987-A Pilot Esperunerne Massonn 1) , ind P'eNIe,55. "lnltrnndUCtnnnt nit ult 1L: I ,tIll nir a hit'd (,c-inr-r

itn Anticipatiort of RADARSA F and LRS-1 Data." 1--s Tramn Ant. (;eiphit v 'WonN atMoe lnr,"e in Pnon, .7n-nrJennWl ( 'i'Knrr,'Iffl n( 111n' 0at;~inn './nin'nnr

Union 69, 634-635. 643 (1988Y. /oeitt atli and 'u, enoirafritlln Sot wt' % L I h

3 Kitaigorodskii, S. A., "On the Theory of the Equilibrium Rantge ni the Spet.
t-urn of Wkind-Generated Gravity Wanes." J. Phrs. ()euenogr_ 13. Sl6-$2'7 A('KNOWt.EIXM NT: 'Ac: gritt'CvlC at4.nn'ntkJu hielplnl immoinr. vntn
(1983). the' I t'N\ I X cllatlvrti- ill the anal' ,nt of I he daia I hi:t nirniati.1 1' w" I

4 Komen, (;. I3.. Hasrielmnann, S., and Ha'onmlmann. K., ''on the Existence' of "a, uggktced h% klan'l lIaisen.lttlan ant n"dd t'%' lllinnttn (nýrfinei I Srý "ate
a Fully Developed Wind-'Sea Spectrumn." J. PhYtS. (Xeuanoin-. 14. 127 1-1285 wridelutur pnneramtt al the fiwdtord In~tnmunnio 0,.camtin'taphtit lundvd b% !hi:
(1984). I-ederal (( ainada) P"ane'l ott I tnerp' Re'.cach and DLes ehmntntit

176



DEAN G. DUFFY

THE APPLICATION OF NASA'S THIRD-GENERATION
WAVE MODEL TO LEWEX

The NASA version of the third-generation wave model conta'ns modifications affecting both the horizon-
tal advection scheme and the dissipation term. Results are presented both for idealized fetch-limited wave
growth and for the more realistic conditions of the Labrador Sea Extreme Waves Experiment. The NAS,.
model contains stronger dissipation at higher frequencies and weaker dissipation at lower frequencies.
thereby inhibiting wave growth from direct wind input while allowing strong growth of spectral peaks
from nonlinear wave-wave interact~ons.

INTRODUCTION
During the past several years, remarkable progress has Presently, the %vA.M model employs a first-order ad-

been made in numerical wave modeling through the de- vection scheme that is very dissipative but has the ad-
velopment of the so-called "third-generation" wave vantage of never producing negative wave energy.
model tw.am).' The centerpiece of this model is the ex- Because we felt that this scheme was too crude, we
plicit calculation of the nonlinear wave-wave interactions adopted a different scheme that minimizes dissipation
by a discrete parameterization of the exact integral. Con- and phase errors.: In our scheme, four grid points, in-
sequently, the nonlinear calculations are based on the stead of the usual three in second-order differencing, are
model's actual spectra rather than on the idealized spec- used, as well as a local parameter that minimizes the er-
tra (e.g., the Joint North Sea Wave Project), as is done ror. Simple tests of this advection scheme show that it
in second-generation models, is superior to the first-order scheme in minimizing phase

One flaw in the wxsi model lies in its dissipation func- errors and amplitude dissipation. If negative wave energy
tion that paramete-izes wave breaking. Numerical coeffi- is generated, these values are set to zero. Although a
cients in WAM were chosen so that an equilibrium exists scheme that always produces positive energy and that
among growth, decay, and nonlinear wave-wave inter- minimizes phase and dissipative errors is desirable, the
actions for a particular spectrum. It is desirable to move errors introduced by reducing the negative energy to zero
away from this empirical approach to one based on a are minor. Sample experiments showed that about
concrete physical model that may be modified as our 0.03% of advection calculations resulted in a negative
understanding of wave physics grows. energy of -0.1 rn-/s or less. All the negative quanti-

At the NASA/Goddard Space Flight Center, we devel- ties were on the order ot 0.1 mris.
oped a wave model that parameterizes wave dissipation Our model's dissipation pararneterization contsists of t\o
as two distinct processes. Wave breaking is given by a parts. First, we envision the wave actually breaking, which
joint probability function and induces turbulence with- induces turbulence within the ocean. The turbulence can
in the ocean that leads to further dissipation via eddy then scatter waves (via current-wave interactions), sshich
viscosity. leads to further dissipation.' We parameterize the

Any change to the current WAI model is meaningless phenomena later through the use of eddy viscosity.
unless it produces realistic results. Thus, after describ- Our dissipation source function for wave breaking has
ing our changes to the WAM model, we apply it to the its origin in the modeling of joint probability density
data set for the Labrador Sea Extreme Waves Experi- functions for wave amplitude and frequency. We begin
ment aLEwEx). The experiment was useful because it our derivation by adopting a nondimensional density
provided us with real oceanic wave heights and spectra function for a finite bandwidth, as developed by
and with the ability to compare models with one another. Yuan.-' The density function can be \written as

THE MODEL

Our model is an extension of the k.%sAn model. Except P(H, E)
for the details given in this section, we adopted the wA.xM r- (6, -i)- (- + i)
representation for wave growth, nonlinear wave-wave
interactions, and the implicit numerical scheme for in- - ex exp+--H" !]+. (+)
tegrating the physics. Two changes were incorporated: 0( -1
a higher-order advection scheme and an entirely new dis-
sipation function. where
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h 11ral peak, altlhouh Iexperience suggestis that .1i,,pation
H also occurs at higher frequencieCi. We asocliC this dissi-

pation with turbulentt fluctuationis in the vat yr generated
= during sa\avc breaking- This phenomenon is described by

the "sell-knoxwn equation"

o ( t'?.~-Lu ' 5

(m,) where i' is the eddy viscosity coefficient, and k is the ,,ac
= -*- ) number. Because higher Ifrequencies are treated poorl.

f 0  in tihe model and dissipation at higher frequencies is used
(essentially to keep the model stable, only a numerical

at ~ ) estimate of the eddy coefficient needs to be determined." +-25 + 21 (6-' 1l) Because we envision that the eddy viscosity arises, from

a mixing of momentum, 1, should be giLen by a charac-Here, mw is the nth moment of the spectrum, w is the teristic velocity scale multiplied by a characteristic length
angular frequency, of is the mean h is the wcale. An obvious length scale i,/s the inverse wave
frequency of the spectral peak, and h is the wave eleva- number of the spectral peak. The velocity magnitude is
tion. The dimensionless parameters H, -.:, and 0 repre- given by the total kinetic energy generated by the break-
sent the maximum amplitude of the breaking wave, the
frequency of the wave, and the ratio of wave extremes ig ýVave.

to zero crossings, respectively.
We adopt the breaking criterion of Papadimitrakis et U = g PL(f) L(.1 f) dlf, (6)

al., 5 in which the nondimensional maximum amplitude 0
is where g is the acceleration due to gravity. Consequent-

ly, v = U/kr.
IJ (4\V2 ra, 6) (/p)" , 0 < E -- A , , This parameterization is incorporated into the model

as follows: The model's spectrum is used to compute
the variois moments that give 6 and wI. We then ap-

H0 = (4''2 W'5) - (Ep/L)' proximate the peak of the spectrum by the mean fre-
quency of the spectrum to ensure that the peak frequency

--~ ,~1 Eevolves smoothly. Finally, we compute a.
X [I c . Y) I.; > A, (2) With these parameters, we are ready to compute thedissipation function. For each frequency, we first com-

where ,5 is the wave slope; Sp is the nondimensional pute the nondimensional frequency !2, and then the wave
wave peak frequency; u. is the frictional velocity; c is slope 6 = 0.157w 4E(f), where E(f) is the one-dimen-
the phase speed; and a, ,a,, and A, are physical con- sional wave energy. This proportionality constant was
stants determined from experiments. Once this break- chosen so that the wind input, dissipation. and wave-
ing criterion is adopted, the energy loss is found wave interaction source terms would balance for a
immediately by integration; its nondimensional form is Pierson-Moskowitz" spectrum. Next, H, is computed

from Equation 2, in which we have chosen the approxi-
4L 3  mate values A, = 2, al = 1, and a, = ½. Finally,PLif) = t0[O" - 1 + (V 22- 1)2]-V:2(1 +~ 0)the incomplete gamma function is computed by using the

standard algorithm.' All of these quantities are substitut-
/5 ed into Equation 4. For H, > 3, an asymptotic expan-

x (o2 - ;)r (2 ,Hr sion is used to evaluate the incomplete gamma function.
The integral in Equation 6 is computed as we com-

(I ")1 pute the wave breaking. Consequently, once the wave-
- [02 - 1 + (, - I)IHrF Hi , (3) breaking portion of the code is completed, we have

everything needed for Equation 6 so that turbulent dis-
and its dimensional form for a given frequency is sipation can be found via Equation 5.

To test the dissipation scheme, the wave growth, non-
S'= -f PL(f) E(Jl( ) (4) linear wave-wave interactions, and dissipation were coin-

puted for a Pierson-Moskowitz spectrum with a cosine-
where r is an incomplete gamma function, and E(f, 0) squared spreading function and a 20-mis wind. The oniv
is the two-dimensional wave energy (f is the frequency unknown parameter occurs in the expression for wave
and 0 is the direction). Our parameterization accounts slope. Following the WASI group,' we assumed that the
for energy lost due to breaking at all frequencies. wave slope was proportional to f 4E(f). Tihe proxortion-

Preliminary calculations showed that essentially all of ality constant was chosen so that all source terms would
the dissipation given by Equation 4 occurs near the spec- balance when integrated over direction and frequency.
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The current wNvi model adds an f tail at sufficient- 2.0 . , . . .
ly high frequencies to keep the model stable. We found
that this tail introduced too much dissipation at the higher
frequencies, so we adopted an f tail, which is closer
to the Pierson-Moskowitz spectrum. 1.0

Figure 1 shows the balanced source terms as a func-
tion of fr,.quency. The frequencies and source terms have
been nondimensionalized by u./g and g",'t4., respective-
ly. A comparison of our dissipation function with the 0

.2
w.XM parameterization shows that our scheme dissipates w
energy more uniformly over the various frequencies. Our E
computed value for the eddy viscosity was approximate- C .
ly 55 cm 2/s. Z

A more realistic test is to blow the wind off the shore
at 20 m/s and allow the spectrum to reach equilibrium.
The spectrum for fetch-limited wave growth is shown -2.0 1--
in Figure 2 as a function of nondimensional fetch x* =0 0.010 0.020 0.030
gxiu! from the coast. The one-dimensional spectrum is Nondimensional frequency
nondimensionalized by g'l/,. The evolution of the Figure 1. The balance of wind input (red curve), nonlinear ener-
spectrum with distance is very similar to that of w-AX. gy transfer from wave-wave interactions (blue curve), and wave
A detailed comparison shows that our spectrum has con energy dissipation (black curve) that would occur in our model

if the spectrum followed the shape suggested by Pierson and
sistently higher peak values in comparison with the Moskowitz 7 for a 20-m/s wind.
results given in Figure 5 of Ref. 1. At infinite fetch, the
WANI model gives a nondimensional energy E* and a
nondimensional frequency f* of 1.15 x 10' and 5.51
x 10 ", respectively, compared with 1.56 x 103 and 2.Sx I0IT•
5.00 x 10 - in our model. These differences are attrib- F
utable essentially to the new dissipation parameterization.

-. J x 105 -

USE IN LEWEX x" = 7.75 x 10

Although simple tests are useful in understanding a C 4.S0 106
wave model, another test is its application to an observed 1.5 x 105 4

data set. A set of observations against which a model • 2.75 x 10o6

may be compared is provided by LEWEX. Further, be- w

cause many modelers use the so-called LEWEX "common 0 l.x 1
winds," other modelers have a benchmark against which c 1g00 " to'
to compare their models. E 5

The model was executed over the region where the 0 0"5×10

coarse mesh winds were provided, namely 30°N to 60°N Z
and 30'W to 80°W. The ice/sea boundary was not in-
cluded, and the horizontal resolution was 1.25° latitude 0 1.0 x 10-2 2.0 x 10-2 3.0 x 10-2

by 2.5' longitude. The model contains twenty-six fre- Nondimensional frequency
quency bands placed logarithmically from 0.042 to 0.487 Figure 2. The evolution of a one-dimensional frequency spec-
Hz, and twenty-four azimuthal bands with A6 = 15*. trum for fetch-limited wave growth (x* = nondimensional fetch).
Although the time step was allowed to vary with the wind
speed, a typical time step was 450 s.

The model was run on a Cyber 205 vector processing
machine. For 548 ocean grid points, the average central of the system as the magnitude and direction of the wind
processing unit time step was about I s. The nonlinear varied. Such ringing was possible in our system because
wave-wave calculations took 5267o of the central pro- our advective scheme is relatively nondissipative, unlike
cessing unit time, the dissipation took 13076, reading out most models, which use a first-order advection scheme.
the data took 12076, and calculating the f 5 tail of the At the Tydeman, we found two major peaks in the
spectrum took 111%. Other processes took smaller per- wave height: the first around 14-15 March and the sec-
centages of time. ond around 18 March. These results are in general agree-

Figures 3A and 3B show the significant wave heights ment with other models, although our wave heights are
for the period from 12 March to 20 March 1987 at the slightly lower. Further, the peak of the first event ap-
grid points nearest the CFAV Quest and HNLMS Tyde- peared twelve hours later than that of several other
man. Also, we have added wind barbs for the local winds models.
given by the LEWEX common wind analysis. The wave hindcast made at the location of the Quest

The first thing to note is a slight undulation in the contained a larger degree of variability than that made
wave heights, resulting from the constant readjustment at the Tydeman. Upon comparing our results with oth-
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12 14 16 18

Figure 4. Two-dimensional wave spectra log E(f, 0) versus log f
at six-hour intervals for a rapidly evolving wave field at the Quest
between 13 March at 00003 UT and 14 March at 0600 UT. A. NASA

0 •'-- third-generation model. B. WAM third-generation model. The in-
12 14 16 18 ner circle is at 400 m, and the outer rorcle is at 5u m. SequencesMarch 1987 are from left to right by row.

Figure 3. Hindcast of significant wave height between 12
March and 20 March. A. Quest- B. Tydeman. Wind barbs for the
local winds are also plotted, Each full barb indicates 10 kt, and from WAM'S. These results suggest that our stronger dis-
a half barb indicates 5 kt. sipation at higher frequencies and weaker dissipation at

lower frequencies inhibit wave growth due to direct wind
input while allowing strong growth of spectral peaks due

er models, the peaks near 0000 UT on the successive days to nonlinear wave-wave interactions.
of 14 through 18 March could also be discerned. The
major difference between our model and other models SUMMARY AND CONCLUSION
was the rapid growth and decay of wave energy, espe- In this article, we have described a third-generation
cially around 1800 UT on 15 March. Again, our wave wave model that is similar to \YAm but differs in both
heights were not as iarge as those in other models. the horizontal advection scheme and dissipation. WNe

Comparing the evolution of the spectra in our model have presented results for fetch-limited wave growth and
with other models is also useful. In Figures 4A and 4B, for the conditions experienced during L.EWEx. The results
we compare the two-dimensional spectra E(f, O) for our given by our model are similar to those given by WA:,.xl

rr,'•lel with the WAM model at the Quest in six-hour in- the greatest difference is the rate at which wvind-generated
te, vals from 0000 UT on 13 March to 0600 UT on 14 wave growth occurred.
March. This particular example was chosen because Although our model is certainly not perfect, we can
different models behaved quite differently in this rapid- improve the current wVANI formulation because our dis-
ly evolving situation. sipation scheme is based on physical considerat ions.

Our spectra were similar to those Of WANI. Both
models showed a decaying swell located in the fourth
quadrant and a growing wave e.nergy in the second and REFt.ERENCTES
t h ir d q u a d r a n ts . T h e m a j o r d if fe re n c e w a s w Ax M 's e a r - k % D i IN a M d l 0 c o l c m nd m p n e i l " 11 w
lier and stronger growth of the new wave energy. Fur- %A1~d1-AIPclcinMdl-.Pis
ther, our wind-driven spectral peak was slightly clockwise 0,.,.,,,,• 18. 0775-]X1o (1988),
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THOMAS W. GERLING

A COMPARATIVE ANATOMY OF
THE LEWEX WAVE SYSTEMS

Directional spectral estimates from eight numerical wvind-wave models and a directional xsave buoy
are compared by dissecting the directional spectrum into five or six independently evolving wa\e systems.
Dissection more clearly reveals the connection between each wave system and its source wind field and
may offer a valuable tool for interpretation of directional wave spectra and for global wave data assimi-
lation schemes.

INTRODUCTION

The Labrador Sea Extreme Waves Experiment (I E\\- Part of this article presents statistical summaries of
Ex) was planned to provide a comparison among mea- the t r-wrFx spectral sequences in varying degrees of de-
sured and modeled directional ocean gravity wave spec- tail. The most highly averaged measures, such as total
tra in a geographic region where large, rapidly evolving energy or significant wave height (sx\ [i), tend to mask
wave systems were expected. The LEWEX goals are differences among the various data sources when, in fact,
described in Bales et al.' and Beal (this volume). The there are often great discrepancies among the directional
variety of data sets obtained can be sensed from other spectra. At the most detailed level-that of examining
articles in this volume, This article first provides a general individual two-dimensional spectra-it is sometimes dif-
description of the directional wave field at the location ficult to find corresponding features in different data
of HNLMS Tydeman (50°N, 45°W), one of the two ex- sources. Between these two levels of data reduction is
perimental sites of LEEWEX. The wave field then is exam- one that preserves the most important differences among
ined in terms of its component wave systems, using either the data sources but averages out the less important ones.
measured or model-derived directional spectra. Finally, This reduction is a dissection of the time sequence of
the meteorological sources of these wave systems evident two-dimensional spectra into component wave systems,
in the LEWEX hindcast wind field, or LEWEX "common each of which is attributable to a distinct meteorological
winds" (see the article by Cardone in this volume), are event and characterized by a relatively local concentra-
briefly described. The data sources discussed in detail tion of spectral variance whose reduced parameters vary
are the moored Wavescan buoy (Krogstad, this volume), continuously in time.
the second-generation UKMO wave model (Rider and
Stratton, this volume), and the third-generation WAv SIGNIFICANT WAVE HEIGHTS
(Zambresky, this volume). The first-generation wave AT THE TYDEMAN
models GSOWM (Wittman and Clancy, this volume),
oDGP (Cardone, this volume), and the second-generation Figure 1 shows time series of swH's from five models
wave models VAG (Guillaume, this volume) and HYPA that made predictions at 50'N, 45*W for the entire ,t,
are also discussed, as well as the model operational at i-x time period and also for the Wavescan buoy moored
the National Oceanic and Atmospheric Administration there. The definition of SWiH here is 4 x (wave height
(NOAA) (Esteva and Chao, this volume). For a definition variance) '. Each model was driven by the _iw\\tx corn-
of this generational nomenclature and a description of mon winds. The total variation is from about 2 to 6 m
various model implementations, see the SWAMP' report.' over the duration of the experiment. Differences among

The Norwegian Wavescan buoy had the appealing models are generally less than I-in S%\ H, which is a con-
property among LEWEX measurements of providing siderable improvement over the difference of more than
uninterrupted, statistically independent directional spec- 2 m that occurred when models were run with their own
tral estimates every 1.5 h for approximately 4 days. This wind fields (see Fig. 7 in Beal, this volume). The (6,s0k\ \t
continuous sampling allowed researchers to detect timing and tuk.,io models in particular are in considerably better
problems in the model spectra caused by the inaccurate agreement with the others than when run with their own
specification of atmospheric pressure system movements, winds. The French model vsi(i reproduces the s\wH vari-
These timing errors can make spectral comparisons at ation of the Wavescan buoy particularly well, not only
a specific time so different that they appear unrelated, approximating it in a pointwise sense, but also capturing
When the entire time series of spectra (or their associated the shape, especially between 14 and 16 March.
reduced parameters) are viewed, however, these timing The agreement represented in these curves, howe er,
differences can easily be recognized and perhaps ex- is misleading for much of the experimental period. Con-
plained. This is an important aspect of the ,.wri:x comn- sider, for example, the various estimates on 16 March
parisons because the wind field is not perfectly known. at (XX)O UT. As can he seen in the total ',.ti curves,
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fun with trwie t. BVXCommon winds OýtVý oIL, Maw!n, it t(W2t UT E.!un Vý.'A5k -l d*10
Viave,ýan d!rk'N4). uns lb M ar ' *Xt(.'OX .' U!

thereile is ýciNi goodt (:onal in nto-nt al

Wavescan spectra. (.See Wittmarin and (lanc%, INli i it f0rlhjtioif. hbut. rOW 1 st tatI'1NtK~al J)II1IUtiSte kit isA N1
volume.,) oftent tictit to partittoin (ti h.tt i so pckstufl1

Figure 2 Shows spectra for xxs all,,, \) ii. an escani. lit component Ail.C steI~Ni andcl uat paralmetct'
The radial scale is log frequencNs ith range of (I; lo ec compoent I hi1s1 partitioning :omtptesses the
to 0.2 Hi and calibration circles corres-ponding to %%d i C informiation and permnits com pris ow, aniong vias
lengths of 4(KX) 2(X0, 100, and 50 mr calculated using the sx~stcmN lin terms, ot reduced pwamaniers.
dispersion relation for deep-\kater gravity ss-ases t . '-\ algorit hil ha-s been dc\ ise~d that pertrio till,,hi Pill
gk). These calibration circles correspond to wave periods titiiting. 1lach \%ais o' temn vs cha-acieri/ed h,% a
of about 16, 11.5, 8, and 5.5 s. The quantity contoured Spcta location estimate '(Thai is. lreqlucicx' and dieCC
is S(. 12 ), whicnl satisfies lion) and its, associated sss-egt'ranicc estimate.

The modval. or maximal. location esiniate is used lin this
wav higt ararcc SO HV)fdfd article. The %arianlCe eS111Mat P, a reCuriseUlC1 CiJCUlaIC-d

wave~ \rtanL . - -quantit\ that fractionates thle total \'as c-height %ariance

among, All modes present in thle spectruin.
with S(f I. ) in units of m ,-sr The spectral plots di,. Figure 3 shoss. thle \equence ot fS hindcast specitra
play equally spaced contours of log S(,/, (1) as a tune- at lithe 7-ldvmina, oci the I t ss i \ tinie period, "vS¶ iksi
tion of log~f The spectra indicate the direction towsard lustrated here bccause its spectra are relanxell\ Nimple,
which waves propagate. With this logarithmic format, hut the\ %till sho\% the evolution (it all thle Important
it is possible to display spectral energy in both wind sea wave systcms. The results of (the spectral partitioning a)-
and swell in absolute units, even when their peak spectral goritthm are plotted in Figure 4A. xkhich Nhows the exo.
energy densities differ by an order of magnitude. lit this lotiont of si\ wave systems, separated b\ color and num-
format, however, the visual perception of spectral Nol- bered 0 through 5. These six wavae ,ystcnis largelh delte-
ume does not correspond to its total energy as it wsould mined tht: variability of thle m'.\\i hmdcas: vsaxe' at the
in a linear format, with linearly spaced levels. T~demnan. Careful Comparison of Figure 3 ssit igureC

As Figure 2 shows, the spectral estimates differ signif- 4A will shom. thle spectral signature of the individual \%aie
icantly on 16 March at 0000 UT: the buoy places all the systems. Thle evolution ot each vkavc systecm is, represent-
wave energy in a southerly system, while both thle N% wVs ed by a series of arrowss wshose direction indicatesý thle
and vAC mnodels divide the energy ahout equally into a direct ion of wave propagation ats estimated from thle cor-
northerly and a southerly system. A similar misleading responding spectral mode. 1For thle ,\ Nst sequence. there
agreement in SWH occurs at other times, such as on IS is high temporal correlation within an individual wave
March at WOO) UT when wUst, \A(;. and Wavescan system. The right-hand ordinate is the period of the spe-
agree to within +0.2 m swo. The corresponding spectra tral mode: the corresponding left-hand scale is, trans-
are also shown in Figure 2, The n~ortherly wave sy-stem, formed to wavelength through the dispersion relation lor
which is so strong in Wavescan at this time, has nearly deep-water gravity waves,. M\l miodes were calctulated
disappeared in WAAM and %'A(,, and there is also signifi- fromn the previotislx described frequencN spectra having
cant south-southeast energy in Wavescan that is lacking units m- -s-, Thle length of the arroN% is, proportional to
in the models. the svki- of the individual system.
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Figur 3. Three-hourly sequence of spectra from wVAM with LE'WEx common winds at 50'N. 4SW•4. Same scale as FPig 2 Seguence
begins on 12 March at 1500 UT (upper left) and ends on 19 March at 1200 UT (lower right)

"The spectral partitioning algorithm is intended to de- crated wave trains produced a ridge signature. The slope
scriue wave field variability as Snodgrass et al.' did. of the ridge was related io the distance to the source re-
that is, as a superposition of remotely generated wave gion. and the zero-frequency intercept was related to the
trains. In that article, the evolution of features present time of generation. In contrast, the algorithm decribed
in sequences of frequency spectra was related to source here operates automatically and also produces arn esti-
regions of remotely generated waves. Spectra of a time mate of the variance attributable to each xsase compo-
series from a bottom-mounted pressure sensor were ar- nenl. Since it operates on the full directional spectra,
ranged in a two-dimensional format of energy as a func- directional information emerges from a single time serie,,
tion of frequency and time. In that format, remotely gen- at a single location.
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- Syste~m 2 System 4 7-

>200 ..;Ystem 0 >'

15System 0 ~ S~h4
400 Systerm 1 '--

800 20 '2 J 4 ' ' 3
12 13 14 15 ,6 17 18 19

March 1987 Figure 5. Parltdoneo ,v- ,"curves tu~r 1t)Iu K v, rnoot~ ru-, wlirý
Bthe LEVWEx hindcas! wim:1s at 50'N 45-A,

25
5

50 Sytm4of the more highly averaged paranseters that charaicteri/z
E, wave svstem%. In particular, the swiCurxces 01 cachi ol

£ tO Sste'flthe part it ioned wave systems, preserse the majlor direc-
_ Svit~ 2 tional properties but average out this secondar\ structure.
~~ 200 .* ~ 8 These curves are shown in Figure 5 for the 1wn ~l

Sysem along with the total sW&H curve. (Othetz examples of par-
400 15te 3: tiindSsk curves can be seen later in this, article in

Syster 20 Figures 8A-E, wA.here the it Kxto curves agree well with
800 20 other models, even though the spectra have complicated

12 13 14 15 16 ?7 18 19 shapes that contain many modes riot found in spectra
March 1987 from other data sources.)

C The vector diagram for the VN a% escan huo) is shown
25 in Fig-ure 4C. H-cem, onl\ fout \% ave systems are obser% ed

5 because the buoy was not operational until 0430 UiT on
50 14 March. The W\avescan provides time series of heave

7 and also north- and east-surface slope. and from these,
103 a directional maximum entropy spectral estimate is comn-

_ - .', puted (see Ref. 7 anid also the Krogstad article in this,
200 ~ ~~'~%>I 1 ~ volume). In this case_. not all specir:0 modles are plotted.M 200 1 System 3 'a

Syse 2 Whereas \%ASI produces smoothly varying spectra with
40015 at most three modes in any LDAwr \Spectrum, thle Wave-

scan maximum entropy estimate can have many modes.
0020 This is perhaps to be expected because the maximum

12 13 14 15 16 17 18 19 entropy spectral estimates have independent frequency
March 1987 bands of width 0.01 Hz, causing a random element in

Figure 4. Evolution Of LEWVEX wave systems at WIN, 45'W as the directional orientation of each band. If the estimates,
modeled with (A) WVAm and (8) UKMO, and as observed with IC) from each band are not quite in alignment, a spurious
Wavescan. Arrow length is proportional to SWYH. peak may arise. Most of these modes are insignificant

and result in a small variance estimate. The-, have been
eliminated in this comparison through a "pruning" pro-

Figure 4B shows the vector diagram for the second- cedure, so named because the data structure extracted
generation uKMO model. Whereas WANI produced from each spectrum has the shape of a tree. Each spec-
smoothly varying patterns in Figure 4A with relatively tral mode represents a branch at the top of this tree.
simple structure, the patterns in Figure 4B are more com- Prutning will produce more highly averaged statistics to
plicated, with many more spectral modes present. More- characterize the remaining spectral modes. In particular,
over, these features are sometimes intermittent and some- the variance estimate of a pruned branch is used to aug-
times have short persistence. This additional structure, ment the variance estimate of the closest remaining
which is not present in WAisxi, might be termed "second- branch.
ary spectral structure." It can be seen from Figure 4B Smoothing of either the heave and slope spectral esti-
that the same six wave systems discussed in conjunction mates or the two-dimensional maximum entropy estimate
with WAMi are also present in the uKMio model, so it is will also reduce noise. In fact, the heave and slopec sti-
reasonable to compare data sources in terms~ of what niates with standard processing have 32 degrees of free-
might bu terrncd "primary spectral structure," consisting dom." The directional Fourier coefficients calculated
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for each frequenc% band deri~ ed trom the oneJitineit I tit 1%~ d p~ ~~ic ec
sional spectral estimiates, are also smoothed in [intc s% atl second cc Vellf It'l Ii liidct' .41 'kl.I 0 altJi .'
the Filter havinog weights .'. and .\I1orc sitmhmIn buz I U'Am- Iknc fhi 'volid 1cn1 1tiiiiin'dl v i

would probably obscure spectrail structures~ oft mitrest Z1 \k , \ . I l!u"m L- hla "lit at..d \t "
Since highly nonlinear equation,, are used t1c0 pt COM)tst x ItMN~ I. I oin If6 \ilt;i Aaall (4)I I kil

maximumn entrops estimate,, front the hease and Jlopc \Lwilh. is al Ckalnpic o ki i lpCAt!'4 l01ýIcIIIOi !11 'Ad
time series, the standard spectral confidence intervak are dito znWsi uc ic Itic soiic~icIlx s ~tciiti 1?,\I
appropriate only for the original timne series but aie of dc"':! I )Cd 11 %V k:0 olkit I II i IT0c Cv es I heOk t Ca I a'
little use for interpretation of the directijonal IpW CtIZ e'L lll %i, lm I,, I unimodal ()uIt 6 \lar 9wtcJS! h~ i

timate or the quantities plotted in Figuire 4C . Ani intoi- ot In clxlv Ini \% \Nl ll UIII1dal. mO;oc !it nat l%
mat estimate of' the variabilitv in these quantities c:an be sepA Iate li Id I' a wad it I I dI,, t ;bul It~ YII!Ii *. V'
obtained, however, by assurning that thle descriptiise pit I- wient 6i ViX aillO1Ie esairipi t: tic '.x iatmlli ý p
rameters vary smoothlx in titme wxithin a s' as e xx steru. en! In (tie ,all' ~ 1 a Now liiCN'S ic p.'. i

Splines can be used to comTpu~te this Smooth t'rlimilon, P5\lac nmin tKX) it I ii,1' (K) L I ate li, it ld to! thx-

and a variabilltv estimate for the paratn:ers canl be i) oh modek llld 'IV' MA IiCek.tIil 1110% ()\C 1,11C lills- m1t110 J!
tained by comp uting, residuals from it. This process %ill !cpmesenteCu. 11hc Iittdel stioss aglc kikmm Iel mkit 'li Vmul ale

yield a variability estimate that will he an tipper bound all tin atl o hatt Vii ax es:ai I tie %x Ni NI mdcJI
on the real sampling variability because it will contain show-, al :orn iruous" unintodal Cx llolutio. b tdc '01mi
some real wave-field variability. These e.stimates hase not If ,it and I.t K('C-OhIbIt oit ilmodai'l"! d hism liton', \N it-
been computed for the Wavsecan wave Svstemsi\ Jshown Im s dillterecesx etxlween seqenia stcr Ii.llet!
in Figure 4C, but it is apparent from the lo%% scatter In estiliv. fealure iii thre IK~tfi "CN"IKII~ !' thei %% ~ \%IeII
the vector plots that sampling variability is niot large for 'is oh the appros~mnitmel 9, period propapxomng tiow ad
these parameters. the north northbeast. flthe speci rW sigttalt rc tttItermit

Figure 6. Spectral sequences beginning at 0000 UT on 15 March and continuing every 3 h through 120() UT (left to right) Data
sources are organized by rows, beginning with wAM, and followed by UKMO m-VPA, and Wavescan at 50ON. 45WV Same scale as
Fig. 2.
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tent: it is present at (XXX) UI . 6(K)0 I. 1 and I 2(X 1.1 Ceilcer 1', p-~' '~~ i4, andh liol .11 in)iek dfr.'x 1,

but not x' 030X) UT and (MX) I. I ( Luri0Lusi , there 11 tolt () s Jlrscu'sed plc% lou~lts 'hL )\ý V, ino~tc 'ho;s

a flhimtiflI~ llit t hle L -K-0 sIecrtrum at t.K)(X) I, I at OIL- Illlt .ddltisitid si! ll No ullwolctf IC sC ' s T olilwiii

samne location where lie wxtsecru has its inrax :iiiv latc onl 14 \1,11,11 arnd oltroun-, Oltkoef; itic enld

mum111. Similar intermittent behas.0 Ior isPresent JuriL! Otf' kosf th1e e\1 )-rtIl 1cft (t )t~r I ' dlar L : I ''It:.t I i I hsc ý I t

er portions (it the L.K\Ii spectral series. sulch as tile swell s1% sterns ch1araActri.'c the sxJ~ .Ticid '~a a'l '01

sxstem 4 ot f-igure 41B. t xi \ hindc:aSts I hvx lit: teerIev! att a, ift. h'ii 0t liv

The WVaxescan ha,, a more comphicated spectrumi, ITirciri b" three: low lcpn: .slr %kext Ixx1 hich .u
reflecting thle actual variabilitN of thre x axe field. It i, in sevLen selected " Ilid ! reLd' Qu0111 lie II i olitxl
essentially a uniniodal distribution, fmowex -i It exhlibit" x irids showt ill I I icties

a longer period (I I ) than %% -xxi (10 s), but Is InI Closer Stl~efimpothed ont Thesw %mjd t cid' ate cx'sat %kitiO
a~reernert wýith one of the modes present IinI its ex \Ipar speed testi~lrdc' ktC:Iflil iiVe wkthiln Ift o' i',:J'a i tm

ticuiariv at 03(X) U1 I and, to a lesser extent, kxn1he(esa insiesrihd I ticti Ockna, \km Ins Dobso Xt
The max~imum spectral densits of both \\ itxescan and sk> . 01n" %C1111 olne%.anl be used ito 01Cmat t-r aWcit a

ýi-n i,.\ agree well, and both exceed that of v, %\t and of[ic the iirida."wIn I. myn the %1\ tw axe ýx stelum IP
t,,xt~o. -avescan appears to ha, e a broader anguilar di, payent nIT I igure' 4V ,\- 111 th isinThai iollbnx kiel)

tribution than an\% of the model., and also contains es title, thec soun.c rcion'ý lin selcted wkind hlcd,'11 1r; alko
energy in the higher frequencies than air\ o thle itodels thec dii terences arnoton data soncý%epairdinI: on thev
shown. This high-frequency activit\ Ina, be a resuilt of possible cause o! these d-%e ene \ orc dietailed
local fluctuations in wind speed riot modeled ill thle Ix I riereoroloplical drscutsstitr cat? bc found in ( ardone otfim
t,\ common winds; the Wavescan-measured xx inds were \olunlet. Ile khe dierectýe. vwill ht dis'ir'.sed l Icin trm oh
in fact more highly variable dian those of thle modeled partitioned signific~ant wax e heighf curxc cx tnielnt ord
winds. The broader angular dist-.ibuition mnax be caused prex iousl\ . stince these cur\ses a% enatte out ,ccolndar\ %spe.:
by the swell propagating frorti a region close to Africa ti-al structure while retainurre the m~ore mimortant J;1Li,
not included in the r twun\ common %kinds. The swl s :"onal aspccts, o! thle spectrumi. -1 he disxcus'ion include',
barely detected iii the Wavescan buoy but is quite prottli- thre f irst -generaltionl tlxd4 and *'i r models; thc seý
nent in the uisow~v spectra (W'ittmann and Clanic\x. this ond-genleration I Kx() li~N i, \' . and ' s.umodels,

volume, Fig. 5B). thle third-generation x i:arid fi-rail -the Waxes,ar'
The secondary spectral structure in % A.,n L 0,Pm, and buoy. 0x erlavs o1 thle partitioned ,Nkii curse'N tor these

HNT.\ probably arises from a separate treatment of sea eiviht data sources are show n in I itures KAJ- lo flithe
and swell. The spectrum is parameterized over the rec- wvave systemrs I through 5 of Figures 4A-(.
gion considered to be wind sea. For example. in irisSystem 0 represents low -cnerg\ 'well lIes', than I iii
the six Jonswap p~arameters are used to model the w&ind sSi)present in most of the httndcasts prior to about
sea portion of the spectrum. The distinction between (XXX) I. r on 13 M1arch. It Tm\~ be traceable to thre south-
wind sea and swell varies according to changes in wtind west flow% evident at about 4(lN, 50'GW in Figure -A,
speed and direction. Energy in the wind sea will be trans- Since system 0 Occurs, near the hegtnninurv of thle htndtcasr.
formed into swell as wind speed decreases, while swell variations in the time required for models ito start uip
may be reabsorbed into wind sea as wind speed increases.. max result in the differences, seen here.
The swell spectral regime is processed separately, and System I (Fieg, 8AI represents the suell from thec
in some models each of the discrete binls used to approx- Labrador Sea that was present at thle beginning ot thre
imate a continuous w'ave spectrum propagates indepen- experiment but had disappeared bv the time the first
dently.' The V.6, [npx and tuK~io models tend to pro- buoy measurements, were made onl 14 \tarch at (W1() VI
duce spectra with many modes in the swell regime. These Thle swvell wvas caused by the low-pressure sys1tem cen.
modes sometimes do not have long persistence and are tered atl the southern rip of G.reenland in theiix '
sometimes intermittent. The secondary spectral structure hindcast wind field onl IlI March at 12(X) UT (Fig- `A).
i-z impossible to verify, at least with the data collected Ili Figure SA, the ,() k model differs the most fromt the
in t.EWEX. Much of the '.tructure is probably not real, others, exhibiting a maximum ;%wi of 5 m compared
but it can indicate a lower limit to the resolution of fea- w&ith 4 I-n for \\w , t tkw. and oix w', and about 3.2 Il
tures that may reliably be inferred from the complete I-r -\(s. The NoAA- model also retains this energy about
two-dimensional spectrum. Even if not believable in IS~ h longer than the other models. Thle x s;estrmn.e is
small details, however, such spectra may accurately i-e- lower thtan the others, and it Persists, longer. The i\o
produce the more highly averaged, larger-scale spectral model displays a rapid falloff of'swell energý that is also
features. seen in system 3 of' Figure SC.

The waves of system 2 (Fig. 8B3) are necarly' aligned

COMPARISONS AMONG DATA with thle local wind direction, which changes front north-
'ýOU CES SINGPA.R!T!`E."easterly at about 1200 UT on 12 Nlarch, to ,oll'herhx at

SOUR-CESUSN G W AVETHEIGH-IS 1200 U I'onl ;4 Maren. At firist. tile northeasterly waxes,
SIG IFIAN WAE EIG JSare generated in the northwkest quadrant of at lowk pres.

Each of the six wave systems shown in Figures 4A-C sure system (see Fig. 713), but gradlualix,, thle Tvdemoan's
are seen with variations in the other models. Not all samnpling location at 45'W changes with respect to the
models show the high-frequency activity of the north- moving low to lie mvithin its northeast quadrant (see Fig.
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Figure 7. continued on next page.

7C), and southerly waves are experienced at the Tyde- on 14 March, when the south-southwest Wind sea .ioinm
man. In Figure 8B, all the models show a similar rate newly arrived swell energy propagating in nearly the same
of increase, as indicated by the slope of the curves, but direction. The fact that swell arrives at this time is
NOAA lags the other models by more than 18 h. The demonstrated in a number of ways. The Vav-escan data
Wavescan buoy cannot provide total verification here in Figure 4C clearly show% this swell energy, "here s ys-
since it did not begin measurements until 0430 UT on tern 2 comprises tw.o distinct W'ave trains. Also, the peak
14 March. After this time, NOAA, VAG, and oDGP all wave direction for \%.,wx at 0(X.M UTon 14 \larch exper-
agree with Wavescan fairly well (±0L.5 m) until just prior iences a jump which causes it to lead, rather than lag.
to 0000 UT on 16 March. Perhaps the most interesting the local wind direction. In Figure 813. urk~o and •.xv-,
aspect of this wave system occurs around its most ener- behave nearly identically, and the HYadata are almost
getic phase from about 1200 UT on 13 March through the same except for increases around 1200 UT o)n 15
1200 UT on 14 March, during which time the LVWX March and 1200 UT on 16 March.
common winds show a wind shift of about 120* (see Fig. There is less agreement in other parameters character-
7B3-C), The waM4, uKmo, and HYPA models agree very izing this wave system. In Figure 9, the peak frequency
well on this system but differ considerably from the other is plotted for the various models and Wavescan. The
raodels at 0"0 UT on 14 March. The ODGiP and VAG( \NA.•t and ýi)P.,N data again agree Well, With ii~f,ý
values are both larger than the others; VAGi exceeds presenting a noisier locus, as usual. The \,\o( and (mor;,

w, Uy-mo, and HYPA by nearly l-m SWH at that point. data also again agree well, until just after 14 March,
The structure in the SWH curves for W\AN4, uKMo, and when the decreasing wind speed causes \ N•(,, to radiate

HYPA mirrors the variations in local wind speed in the low-frequency swell. Using this peak-frequency measure,
region. A wind sea dominates until just after 000)0 UT tuwio, surprisingly, does not agree well With either \k ýwx
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Figure 7. LEWEX common winds at tAl 1200 UT on 1I March
A . (B) 1000 UT on 13 March, (C) 1000 UT on 14 March. AD) 120X UT

on 15 March, (E) 0200 UT on 16 March. (Fji 1200 UT on 16 Micn
t_• • and (G) 0000 UT on 17 March The Quest (50'N. 47 5W) is ind

cated by 0. and the Tydeman (50WN. 45'W by T The arrows
indicate direction "toward.- with length proporotonal to wind
speed Superimposed on the LEWEX winds are Geosat wind.
speed estimates occurring within 1 h of LEWEx hindcast tnme

Or HYPA, even though it matched nearly identically in i.FiwiVx winds is 15O per 3 h during the 24-h period fol-
SWH. Its frequency is essentially constant at 1/10 Hz lowing 1200 UT on 13 March. whereas during the 15-h
during the period 0000 UT on 13 March to 0900 UT on period following 1800 UT on 12 March. the wind direc-
14 March. Over this same period, the other models be- tion is also shifting, but at only one-half its former rate.
gin at 1/8.5 Hz and finish at 1/11 Hz in the case of Over this latter period, %% AM and )xi),t track each other
wAkt and HYPA, and 1/13 Hz in the case of oC)DP. The well, suggesting thai the constant frcquencx behauior of
WVAM and HYPA curves also clearly show the arrival of .A,.t in turning winds might be an artifact of the non-
lower-frequency swell at 0300 UT on 14 March. The pure linear interaction parameterization.
wind sea part, present before 14 March, exhibits a con- An alternative explanation places the onus on wind
stant frequency of about 1/9 Hz in those two models, field errors, as suggested in Figure 4C. Wavescan detects

In this situation, it is difficult to know which models northeasterly waves of frequency 1/9 Hz from 0430 UT
are describing the conditions accurately. Young and on 14 March through 0000 UT on 15 March, after the
Hasselman9 performed simulations of WAM and EXA(CT signature of these waves has disappeared from both
N1. (a model in which the nonlinear resonant interactions WAt and other model spectra. A trace of these north-
are explicitly computed and not parameterized, as in easterlies is also seen in the first two points of the Wave-
WANI) on a uniform wind field that suddenly shifted by scan curve in Figure 9. It is possible that ', NVi is actu-
multiples of 30'. In the model that uses parameters ally the most correct here and, if the easterd winds had
(wAM), the frequency of the spectral peak remained al- been prolonged, that V..NM might agree even better with
most constant during the realignment proceýs, whereas Wavescan. To get agreement through 0(XV LIT on 15
the EXAC-r-Ni model showed a gradual shift of the spec- March, however, the energy in the southerly wavcs
tral peak to lower frequencies. The shift apparent in the would also have to increase. It seems unlikely that this
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Figure WA0EU Partitioned significant wave heights for 00Gr'
2WAM VAG. UKMO. HdPA. GSOWM NOAA and Wavescan at 50'N.

45. caeW. Wave systems 1 through 5 are displayed in Figs. A

.. dthrough E. respectively.
12 13 14 15 16 17 18 19

March 1987

25 aspect of the wind field is in error, since the v~.spectra
agree well with the buoW over this period. This situation

50 /at 0000 UIT on 14 March represent,, one of the major
-discrepancies among models occurring in i wtx.

100 .7 sThe northerlis from system 3 result when the loW that
.a caused system 2 dissipate, and becomes approtimateo4

5" 1 a centered midwai between the TIodelan and the Quest

0 0at 47.5W (see Fig. 7D). The northerlies oi the western3: side of the low build, creating a northerix wave system
400 at the Quest and a north -northwestecrly wave systern at

20 the Tvdernan. However, the local wind at the Twidernan
800 1 13 4 15 1 17 1 19remains southerly throughout this period, It is Obvious

March 1987 fo Fiue8that thle models, agrce better with eachi
Flgum 9. Wave system 2 peak frequency for ODGVVAM, VAG. other than with the Wavescan buoy, which shows a simi-
UKMO, and HYPA models, and also Wavescan buoy at 50'N, lar wave system but one t hat lags by about 12- to 24 b
45*W. and is of longer duration than the model,,. This discrep-
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ancN is probabl% caused bIN error,, in thle lbeation of ific Ire ts ilahble (CN .cosa it data Ikfk sIos trhilftI IrIXd 1! [ed
generating winds north (it thle rleasuremen~tt slite, iNCe loss -p! essure Ilreru caIrsIILe ffill INe1,II , itis has l

there are s cry few ineasuretnents in this rei!ion. A rt: usre~ Iadin hw plet it Id [if lol 'k about I i( j I I l
hindeast of' the ss i 'i, wind field based oii thle spes-tal (If M arh 111i1 un~der c,1!wXnd IepcirI It e1 cii
signature of this wvave ss stem 'sitjs onlsý partialls SUCcess - iii pariiulati the '. nid .see t i i

ful in removing this lau (Cardlone, this %olutrw, I IL. 8 I. tkirids hk about II Ii akoiv tuehe (csa ie iar pa I tivw

Figure 8C shows subtle dif ferences in modelC behasO lot 'I" hoCc 1uss r (tsat nicasUr ed %%Ild, ecee-Cdod 2, Int
also. Tile \ -*s( and \k w~s models, shoss necarl%, thle same \A hen hie :oriesponiditwiL is 1li \-mudeiCkd ss Idý "s e! C
timing and rate of' increase of' ss as eer alt hough 0111%\ I0 to 1I it S. ]It (thet: \%Ids ac ZlaItltt peaked title:
55 xst shows a more rapid deca%. The t:Ksi~ model shosss, thall modeled, then N\ssell ssotuld appeal ito arris C al I
nearly the same rate of increase, but the increase oc~urs, I in The filodcls. ( ardonc frhis uhlunr. J're ) huý
about 3 h prior to either ss *s\t or wis th a north- 1more7 recent hindeast illid! Pl0 Ud:Cs a late,' I~kCeI iar al
northeast component present near (XXX) UTE onl 15 Mlarch [linie III thle 'Ix nimodel, hul stIill it 11,1 all e1VCCIVen istfl
not seen in the other models. The rate of' iniciease lor thle Vaseai Lt.11i
otx& is similI ar to the pres iousl\ mentioned models hut AVRG DP AMLES
lags them by 6 to 9 h. Thle Ioixwr and I Kuo model, also \IRG )PA NI F S
exhibit a more rapid decay than 55 55!i or \ .\(. Thle out- IFiur(, It0 silo"". thle es lulut on ofth as1 zrasrie L% 1rcqui'lI
hier among the models is NO..sAs exhibiting both at slower Ianid direction H_ comrputed tor eachi 55 s\r, ýpeer ur
rise and slower decay. The maximum development for Like sss\ i i, these arc :ontnlionil\ repo~rted quantitie. o1TI

NO-s- is 1.75 m, lower than the approxirimateI 2.215 rn pu,1L tdd aseraltes sseiLftt1h\e thle speci ral derrsrrs:
shared by the other models. and the 2.5 m measured bN
Wavescan. Energy in the second- and third-generation
models (except kMio) persists longer than in foixw, St I1. 'o d! &I
showine a residual 0.i-rn sssii well into 19 Mlarch.

Meanwhile, another cvclonic feature that first affevted
the wind fields on 13 March, visible in Figures 77W3Gy. ~ , a~ .AI )c/d

builds to the southwest of the ship locations. It intensifies
until about 0000 UT on 16 '.viau'ch, still well to the south- Teeqatte r ipe 1 OTPI fa ieprwest ot the ship locations. From this time on, it is the hequniesreimlrtcopetanhear
dominant feature in the region, and systems 4 and 5 are litioned quantities of' Fiutresý 6 and S hut are more dit-
both traceable to it. ficult to interpret I-r a multimodal spectrum. Spectra

System 4 (Fig. 8D) represents a northeasterly wind sea comptifed during 16 March aac crrrntodla at tnioe, so the
that commences in the model hindcasts at about 12WK average d~irc~tion i, meaningless. '1he situtiown occurring
UT on 16 March (see Fig. 7F) and rapidly evolves %kith just prior to (XXX) UT on 13 Mlarch Is also difficult to
the movement of the low to a southeasterly sea by aborit interpret. siince it represents, a combination o1 a %skell Nss-
0300 UT on 17" March (see Fig. 7G). The 1X~t:\ x winds tern with anl orthogonal wind sea.
show, a 900 shift over the 12-h period beginning at 0300 A'n averaged direction canl also be computed for eachi
UT on 16 March. During this same period, thec wave- individual 'vase yssster. In this case. /,,, , fl, are corn-
scan show's an even larger shift of about 150'. The wind ptited in the same w.ay as previousl\ described. except
speeds arnd directions approximately agree over this peri- that f and 0 range over the portion of the spectrum esti-
od, but the Wavescan show's virtually no easterly waves mated to be most attributable to thle \Nasc vsystm tinder
prior to 0000 UT on 17 March, whereas all the models consideration. Figure I I shows the evolution of' these
(except v.OAA and (;sowNýt) show' development of a nearly parameters for t k,(io, \kith coloring, consistent wkith that
3-rn swrt. The Wavescan system 4 does show a 2-in
southwesterly development at about 1200 UT on 17
March, which lags the models by about 6 to 12 h, and
persists until 18 March. The low weakens and stalls well 25
to the south of the Tydeman. and for the rest of the
experinment only the residual southwesterly swell of sys- '51
tern 5 remains.

System 5 (Fig. 8E) represents southwesterly swell that
arrives at the Tvdeman at about 2200 UT on 17 March
according to the Wavescan but much earlier in all the
models. From Figure 8E, the modeled swell appears to
lead the measured swell by about 18 h. The' ,,i model -
shows a maximum development that excecL-, ithe other
models and the buoy by nearly 1-rn ssswj 'sos's and 2

GisowfM (not show'n) both agree w'ith otx& i'. lie Ks~n &~ 1 o i 'C)

model shows a chaotic behavior near its mnaxaitern val- March 1987

ue. An examination of Ciecosat wind speed data (see DobW Figure 10. Ti me evotutron of the average frecquency and, direc
son and Chaykovsky, this volume, for a description of tion for WJAM at 50'N, 45WV
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in Figure 4B. The evolution of these parameters cr eflect"s uch aw wind sea to ,"ell uanrstoin T'he peak
(',,1 0,, ) is more continuous than those plotted in Fig - frequencies also ,art widelt during this prodJ X\ 1l1ght' k
ure 4B, and, for many intervals, theN provide a meaning- difterent wnd field lto tis, locally genelalcd leawire
ful basis for comparisons. Also apparent in Figure I 1 might shos %% x\1 to be itiost conslslent with the Waý c
is the chaotic nature of the south-southwest swell pretrnl scan. hut a simulat ion using t\ -. • -I i rtawý bk nhe ce,,asr\
in LIKO starting on 17 March. This dichotomous be- to rule out the possibilit', that s A'.st, h-haslo i, not anl
havior, the cause of which is unknown, is also seen in artifact oe the parameterizaiion ot the nohnlicat inmte
the total SWH of Figure 2, FinallN, a deficienc of the actions. 'flear model diflerence, also rccut with the
partitioning method is apparent in Figure I I between southiest swell (system 5) toward the end (ii the i i
1200 UT and 2300 UT on 12 March. During this time. tx time frame, where •&i)t' is highei hN neaitlx I --i ;kii
wave system I begins to take on the characteristics of than the other models and exhibit an esolut ion ot peak
wave system 2 simply because they overlap, and wave frequency quite different from ý, W.
system 2 does not manifest a separate peak. In this re- From a methodological point of vieA. the partitioning
gion, the separate wave systems are not well defined, and of the tv.o-dimensional vavc spectra ernmit,, natural
the reduced parameters should be interpreted with cau- comparisons betwt%-en data sources tn tertms (f each ot
tion. the component wave systems. These comparisons arc

more revealing than those using averaged quantities such
CONCLUSIONS as total ss lH since there are situations in t i "% , \ when

This article has focused on detailed comparisons of the significant wave height,. agree, but the directional
eight numerical models with the Wavescan buoy at 50*N, spectra are very different. Also., each of the five ii % wi \
45°W during the itwiux experiment. Although first-, wave systems is tied to a distinct meteorological exent.
second-, and third-generation models are considered, the Partitioning reveals differences between these huo, and
differences do not folloA "generational" lines. With the model wave systems that can he associated with the de-
data sets analyzed in this article, many model-buoy velopment of sparsewl observed meteorological event%.
differences probably could be reconciled with a different, Since each generating region is spatia~ls and tcmporall
presumably "more correct" wind field. For example, the distinct, measures that average the entire directional spec.
north-northwest swell (system 3) in all the models pre- trum mix this information Such average measures are
ceded that of Wavescan by about 18 h. Wind field errors not useful for inferring corrections to the surface wind
may also be responsible for the lack of easterly waves field to reconcile buo\ and model estimates. Moreover.
in Wavescan relative to most of the models just before the data sources agree weIl on some systems but not on
0000 UT on 17 March and for the early arrival of low- others.
frequency southwest swell in all the models relative to Spectral partitioning does not mix the spectral infor-
Wavescan early on 17 March. In these situations, where mation from the distinct events, so it could he useful
the models Aere in agreement among themselves but dif- in data assimilation schemes where the objective is to
fered substantially from the buoy, the wind field might determine wind-field corrections from errors in modeled-
be the source of the error, but to date, efforts to generate versus-measured spectra. The partitioning method, since
a corrected wind field have been only partially successful, it does not mix spectral signatures of distinct meteoro-

Notwithstanding uncertainties in the wind field, how- logical events, will make better use of measured spectra
ever, there are clearly a number of model discrepancies. than schemes that compare only the direction averaged
The differences among models in partitioned swH for over the entire spectrum. It may also represent, intoT-
system 2 between 1200 UT on 13 March and 1200 UT mally at least, a type of "sufficient statistic" that con-
on 14 March probably result from differing directional tains all the essential spectral information. but in a highls
relaxations in the models, possibly confounded with oth- compressed form.

Finally, the maximum entropy method produces be-
lievable directional spectra for the WVavescan buoy. EBcrs
major feature in the buoy spectra had an analog in25 model-predicted spectra. Where differences existed, they
were generally credible. Moreover, persistence of features

50 in a series of spectra gives an informal idea oi the sig-
E St0 '' " System7 nificance of that feature and its variability, at least par-
S100 y tially compensating for the lack of a variability estimate

System • -1 on any one spectrum.
S200 ". .SSystem 3 W

',-" ~~~15 • RIEINF
400 System 1 iialev ' . ii l. R ( ,1.nd It.rlm N lk. li I ,I,,, n, I I', I,.,

20 Ik.))'fl)Crnel I! , I.V 5~t,ut',n I'httn \hitnh 02" -f St~ '15-h
800 20h th ,i1., Ro~crnthall , ,\k_ tc I J_ \k.,rlhmo•goll. 1i A\ . }a"'11.4ml.

12 13 14 15 16 17 18 19 ". A c l. \ tli,.hrld taI.m eCltki \'-.c t'))a ,i,:'I t, sc ' " (e,'h , ,

March 1987 X h 74 (i9)ý ie S".A'M11 ('rotir, _,X,;1 ". a~t' "lo, dlhln: p Vow,"'' '\ N\;i). hvlc: ,ni
Figure 11. Partitioned average directions for the UKMO model paro,. h Sl s in n W aid \ tc P mcthic\l i i M¢ t,.' Par! I ncu'. Rc'ulzimi'
at 50'N, 45*W. u o o,_h l',. in (h it 11), -' h"r n•,.fiu, . P41111.1 1, Pfs V 19).

192



MI4 Oilt

tt ýNIZ AH R fw!",h ,-C,.!&j~. t \ ~ *I

IIodu" I I[t'a strbh k i, \We t k1 MIwon~ L, 'wx" v t
Ait, It o'glo)o "a,ý, ao, M:1 I



FUTURE DIRECTIONS

IN WHICH THE IMPLICA TIONS OF LEWEX ARE
DEBA TED, AND THE FUTURE ROLE OF WA VE

MODELING AND SATELLITE REMOTE SENSING IN
GLOBAL CLIMATE RESEARCH IS OUTLINED



RESEARCH NEEDS FOR BETTER WAVE FORECASTING:
LEWEX PANEL DISCUSSION

X pat ici Ilcs's iat ti\ nout bc hf tl 'c%:t tl Wit TOn t if 0Ud..: ICANoI'cd XaTt urncnt xavid Xo~a s'

but it doc> pf'0inotc Npi.'ti [aiiCsU% c tirc ittint tic 11 icual dvu I -n ixU ks and Ow i.c ftcr alk ks Ioc

uiOCll t abrie 0t kcuzi'6CrsXat s anttilotI 'Inca c~dd ricild\ v, .11, slithiU i tit Litt pct cciCdC icýcd, tot, i c

Neatch to promotec betite %N a' c ltl cat k:ts1lv I tic ploblezzi\ and lCsear'li lticcd pt cisclitcd in !ht' cditcd

palnel dxusflha\ C c I~ted ti: nIM111 cVal, hitl 0101, kt' tio' un aclic.ti Vhit 01 data
a',szrifL1ion1 xchef~Crux.*j At ~ I~t 6M~ UiT~*idct-a idn st Ott:c imicittri\ : phj itsxi.. [-0

1
tIsitc t nvi%' dai !w ii c

'.carich litiminf~fctical %i a\ C oCdx1W

Opcrul r :tatk

ti I N I f t IT t!1ý: f ix. 11,1 1he t : iIV's n i oix Ai* IN ý "I, I

k Sh e~~ hk earmcd w itc-c pX,' it:% Jati 'ýi I 'i ii:

olic hasx; N. key xci rttui~iu .0 c'tiioi i x~c tandi v~-~ k , oi

jet .mndifiv it 'tic modllinc: Ib kt aouid hide w1 a4, \fJkl, Kinke I~W Tincmr--1, NA

CIO) h cnibc bet o he van c! mii en htii ,% Itoll aUK;ýIi;~, K ikelmii M a' -~ in- .;
Si lx01,14 t1 oiyJ ivk! ie, ,tica i.t '0w jfjiiiipoC vsxaxc:w11f~ oa

I 1 ~'t I lIw motil lnipii~tai!i low ti :kl Tixli: hc W~ic hko filhlflItlifx Thk jlt HoTA311x 1,tiiii,

heaic limd ijcMLi I aml tlt? "ofykinrmh. foi5 i oiuidf !ilrc
accutatel xtakc Inito aconn't e (Ceat nlazrit anid %xaht i illiV lidPi: i(ok\to c 't xr'i

kit tlt he wid I ý-oilc tuUhereforet li ke toi put t hi, qu.LNioxi iNJih. ~ e~x n ht Mo r

10 the iisdelcrx Hox% doi \ on plan 0, btx-ter dcýrittbe Ihi\' ~ a ii~ ~ ~si~i iiiur

"llnd ýarabtlii inl owii iodcix and deuiii a c t bet K11sila~ katiui 1, nisvuii if V-aýxijr

It :all. ITT !UN. littprose th 'teiit t6axpai 
1 rAkmivwllt \xa.. kr~carx'Ik la'wiiuiti-x

I 0v 114hollhis tdm Ocl 1, 11ctxut% ol Tcm~miiwki't
ii\\l kt I< here art, qxi~ltix"Ii Abotiil [thici model, ioik c tmedT Hkashi \l1,INxsiAwi ii I rnxcrsii

,ontxider the cieV iqy 1w's onj the drag oivt icieni anid thei D oan i Ou.l (Kxjdxti ',iar III

Iced that et.teCtý in the irnplit sýonI re tu nctol P ro poxd ( 0nitv
dixxsipationi %outx hi nctionx nieed 10) be l rhoonughl Nt4te. 'an Wkex Offdi-r kil th (hNOiJ c1 a

for eiample, Aith thecme'snimxe Ne, kit nilexiirernlellt [11`0. Tim at KawuI)
pisied tot %ki xim j'nirtjýc \ý. aic I~ naux xpritliclt Poei Isicixicix Mxntc A S- Nw-.1'

Donciati. 1 9-1 in !he a inlct oit II 191 ()inc ounid coin t
iw m'n 'dAkm1ii TW ai~ t\iii

pa rc thc model pred~ic on m "it kat iOn, d '5 itip00 I iiflit 1'(1A

predic-ted tor a tetch limitted situation 1k~arntlk jiod Ai TaxOw Stiill% RiCir'a
and Drtci'nlxcrt (ctmitt

H \sl.I\IANNIn Fhix sk inp()xuumn kAe hake .eer pe Iat iA Vilijam P'clml BedLjorj 11nsn1iiit of )c ai~-
teckoinparlionN arnong nine dil terent minode Vie reall\ do Rohm el kal M"xi
nol,) hase a basist fir deciding ),hkc 11 i odel Ix 0ilrCT Ork here
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fUtICtiOtI and then tiX it -It 'AC hJase problef Ms xrth a t isi~ !ie i tsI- s i 'Ca V ~~' i

or -,etid-generatton model, "ce art: aixia\ss ntuketitig %it ill- ill.,s~r, ~i~-'
the mnodel results, and flot is ithl [tic' 1.,,: LSMOdl ,i ,sti: 1- 1 OurM I. i,i !lk t"rx

JAiNSSE-N I agree isith Mike jIL1miterj that it is icalil, high uiOc ~ r't'~V;i '' c'~.'.-ts~i

to look at the sea stale dependenct o1 the 5% iid sNlcs -Vr ~ ~ ~ s , .li'I''I~l.15,

E-( \155 [Europeani ( ctrie tor Mdcciwn -RatwC 55 UcLtrilcl ~ 0 ~~5' l~i ids ~ .'~rcut

l-orecastsj, vie are attempting to Couple thle dkitttýCneta iiloiiaol' 0
ii xvi (SWaVC Modell Xi ith thle I t( -'.1"Ii diinli,;hef1 Ik i h l' i.aCJ''si il is -ii

We already hase: .onic encouraging inital results I hexscslIIisiet:~t~.t. i-stu. i l

that a yung \is d sea .icra',e. stress bi 200l)~ to 30t11"de 1 l itl.Ott.'irriiii'i- s -

W5henl ~oittparedl with file present l,% \\I, the ijicicascd ttses, ssftitalOii J, NSilt Ili .eti'~l5lid,. Itu Thtl 5i N* iL'si

willI produce la-ster gtrmwth tin t he intl at stage-, Iha! ni icit ~ id [tit hi i- inul rslot Iti hji 11u Olk unix , L

N - filimportanit. Sot there is a needC 10 coupleI the pilaie ý%j' tiwid, ith\e' hitld iko) lijk tiI5c~Ot Nlifi %% ifJIC

tarN boundary layer model viitt i , \,i, Stond ,* thef i, a i I tic Cý-kln ftiitiLatit ti.l iii c lodltl .Nd
need I or inipro\,ed k.noss ldge kit xi as ene irv di s-si patiot esidttlitt!ldlsstss~tl r it is~

from wiave breakini,. At Gie utoniew, si,% arc using dissipa tll, it cIA tfin' itS s11 tilti h~u i nao tC Ct!'a

lion as a source term, wshich probably %iork, ser\ isC e ha it),- Ie hc, d esteltt sid Cr Ci kIC11c fhc is lt~s
a wxind sea. But sic are nor certain, 'A'heti sc liase Ionjl k~ital for the to) d iid txddti .1hi the ixa

cated wind sea suchl cases. wihether thist fornmulation xi or kN heild silt tlocw1 t1ot .1tlifinf, toin le tiC sad aboa. ho05% rthd

I hasC 1\,%o conmments onl [thic Ix I),% initercomlparl"I is!n ii. itmodel, Vivk 11) lll Cs:1114th'l in~ wc \5Lc x n dsil s 'lie

Li iii \ presents a uniqJue opportunityi: Lie are: conipatimv ticw\s i lill %%a%l C Ctificilltent has o ti ko ihi,1f m tsiii .ii:

twxxo-dimniesionalI spectra. hot h measurfed an d Itllodeted. qLMiiC Ittclislitcttiliit11 iw I wic 'i' ,1 .iC \O i: a1w ittlll

Howiever, ir is not clear that the dit terences art: Nitaisticatll at~slii h ic %iiid tlauenn
significani. I have not seen anyl~ error bars. people are: dcuii I ),,, I5. As - I rothl the prec\eshng 5omlliicnts. if ccill' it, ltoe ILIt
tifying peaks and directions, but probabl% the nurb ivi ili te\s t0ii11rs VIliervc J, tet esetvtitig a Ie sjledi sooset
degrees of freedom in those peaks, is so small that I really, sif% I %ote %ktltl 01e 5i. planl let inemVNbshi insist ttiji s11 it 01To
doubt the differences are signiticant. Second. I hase the hilt- t unct-ions need to tic inipfiose 1-%ceN.one gipces (1t1a, tie
pre-ss.ion. looking ait the measured spectra, that 6%e should xx utd mieasurements need to N, more satel illi dcalt "ill
compare ionlv metan paranmeters, such as mean ixaxe height. fic, heesemitll be 6 the fm-o I(ue hat art, fthe cru lit f1ilie
mean direction. and mean angular spread. 111411cr 'Ihetei is. ot coo e. a :test lit tttiiclm txettet inea

PHILLI PS: I rthink this has been at fascinatinV meeting, and NurelihiCits otfsax' as sielt a\ ot the, %ix nd Klaus hias 1xilitt

some most remarkable results have been presented. T here cd 010 that the S\ ilia OIXit beaoodi c-andidate to nlicasolre

isa lot about the results that both contuses, as Klaus [Has- fihe sxa~es. ()tibet Ouroi axto\j snsots ma% be aLISII
selmainni said, :id also stimulates. We hlase a let ot miodels Pic point? has JXeen made,ý hn~al hi laus, that 'hlfj
that sometimes produces results that are contsistent among C'Ii(7(Tariltnr Iis ax models arc needed ill test the philssics I n
themselves, but are very different From vi hat a buoil s eems other wuords. the model has to be strucutuall\ correct he-

toprdue.Soieims'threisllo aicvextceit amongr t ore onte can hope to use it as a too~l to determilitn Mi ele

muodels. How then do we decide?th hscmaI-.inhotupl
It is clear that we need to improve the connection be- Peter [Jaussen] ratscd the issue of statiiitala test',,i ii

txueen the modeling 'and the observation. IN the wuind field ii101 5II \101 Is 011c (it the thling, that emerge' most clc irls

the problem? Th~at seems to be the thing that we blairte. trort iniercomrpirisoris of thill sort. Vs\ v do nortcratls has c
in the way that flutd meechanicists, if their theorx and c\- tile neccessary structure to sat %,.fhat is correct and \, hat :k
periments do not agree, always blimec turbulence. \\ce can not, or htoss %\ell one estitnate comnpates liih anothet.al
alwxays blame the wind Field because it is not right to star' though Toni l(cfrltng [this soiumejl ha, made somei 4trtdcs
with, YHave we used all the physics in the models, that xii.c itt the right direction. 1\ c e ied a cotnsistemnt set (iixtatsa
need? I suspect there are a less little bits and ptece,, ov criteria that ciser'.OTIC agres ott1
in the third-generation models that are left out(. Should one
keep track of all the very-lois -energy density Joxels in the Winld Nicasttt'Ctfltls
ocean that may serve as a starting point for future instabit- fill k'u i I fox e been inlt ecsted iilmil tltersirfemert of the is tin
ities? Presumably, that part Of the physics, is insohsed, butl tor at xerx long Time. csn ciihlire Sikilab anid Seas\a-,. xx heti
is it a part that we are going to keep track ot? There arc problemsI of ,alidating the xsmrd. retoxered bN a sc:atteroinl-
a lot of things we can do is ith the fitk fx \ data. There is cieTl, by aw (eaist conseninional data first camne tip It is, ton
a lot we can still learn from them.pisiletgeadeetI-o2-mneasrcerma

MM)SON: My first comment is; one that Bill Pierson will ap- ,onsentional ship anemotneter. Motobsersers a ',rr orol
preciate. I have noill been to tour conferences of' this na- traited that thex ollit canmnot cle' CO btaiit ttlir' xii d Irion)
ture over the last five years. and at every one, the wi-nd speed relatiie \ixind. Mlost moidern ship, haxe rulctoprscessor, thtti
and the wind field wvere hlamed for inconsistencies in model could keep a runnintg acLtý,unt (it the %k itid speced and dire5,
results. So nothing has changed. Having said that. fromi lion, lust as it the ships isere dat buoms, I argetpios etiim

an experimentalist's point of vie%-,, what mleasuremenits ticnint could be miade. must bs automiating tile piexetit ship
might ye consider os-er the next fesi, years itt order to till libseti no,tlt. The poorest parameter til a consevithilal ship

somec of the gaps that I see here? repoirt is thne i tind data. butl it nina% he the easie~lst tO srrellt
The first one is a set of careful sea-sitate versuis wvind-streLss \1% second potint Is the plopae'aton ol sssell. I siti \%hit!

intercomparisons, with microwave sensors present. Klaus I tiase seen oht thle sanious second- and tlnrd-v2encration
will agree with me that that ji absolutely crucial to the sue- models. I think, maui (it theml dot not11 pi ojsagate s\tell cor-
cess of his highly optimistic plans for coupling isas-e models rectlx . M axe piropalgationl is eqiahlk tin1poilitat itt ateas of
with atmospheric-oceanic numerical models itt the hope ot ix ax: genetratioit so thiat titans (it thet dlscrepaincies I oiin.



LE|WEX Panel DtVIScusin

by Cedting [for example, the tendency+ ltrw all models to pr iblal.t 111V t pict.t' "V fiaC zif! trli -,': ic th a'W", ! viii c'

dice the arrival of swell earlier than it was actually inea- [IC1ttlnclt, tiljt i•,c; ,lit+ gI'v . I of 111i fl•.e, Th
suredl may be partially explained b. this error. It swell '\,', V ljomi North ,ca \% aise Pfojectl data 1et 'uuld tic
arnm4es too soon, then it also lefltt the area wthere it wa.s generi- eaita,/.d Usii, ;otni: oI the" ideaa 11hat! ,.alic owt Of tA k
ated too soon. The waves in the areas of wave generation D.).nceu'zs lakc ( ritano c x'rinneritt, hi, a', Ha.' i(ajb-:
diminish too soon when the wind die' down. I or %alidat- oI \% (oods Holt+ piointed out to •nie• allr'ow, one it, fc.Ol
ing forecasts of sea plus swell .with frequcncs spectra ott strui the ,•wa diti.vton at a gien tet.h, knoi ,ntig !hh wtid

the west coast of ans' continent, I think that within one w in directclioi 11s C though Nou did nof hase gk'.si dfre,,ionlal
ter, from the data, it will be clear that \, \-,i i' not doing spctra, WUo ould Ntill go4 ta.k thioughi ho0W data aId :a4
it right. You might look at techniques used in the first,- ibiate aeagainst th, projtol0 1 0ith the irid 'i Ire dr'eC..tz
generation sow,, [Spectral Ocean Wave Model; Pierson, of the ,ase, i'tcad ot the % unid usltd1 Vs, ncit-J is hat

19821. Great circle propagation on a sphere is not difficult. a Ioitis-Ntenlt Lillbration ior the 1inodel nI, terim, of iaid sjVx
The envelope of each spectral component should be trans- betore wc iwill progzesg on othet troits
lated at its group velocity each time step, with no change
in form. [For this problem, Lagrangian methods are su- Wind Variabilit
perior to Eulerian methods.[ tUt -A/,%Io\ A ,omnmient aox)ut %ind Iariabilw, In ox)tlh wasc

ARCHER: Regarding this problem of accurate wind measure- thLor and neirsurTeVnen1t,. It is conuiitl to use ic te tvtn ,uid
ments from ships. Peter K. Taylor of tos (institute for t eloei•, How.,:,c, the JrVtp.ponid1;, %asi number [kA 1 pe-1 -

Oceanographic Science, Wormley, U.K.[ has been work- tra for air motion arc donmnated by an menial range that
ing on it. The only way he has been able to get good wind has the form A ' I or een A [ Fhe magnitudc of thu, rx
measurements is with instruments mounted over the bow. ponent is. in a cerainu sense, rather small, equialenit to a
They are now so equipping wsto [World Meteorological cascade pattern in the geomeir' of the wind field or in its
Organization) ships. temporal historN. As a result, the aseraes awe diffic.uh to

define; smell. speaking, a "represvntatte" aeTraging pe-

The Inversion Problem od for the wind does not exist. An alternatise approach to
the specification of such multiscak- fields is being deseloped.

PHILLIPS: I would like to suggest that an effort be made to based on fractal and multiple fractal formalisms [.1chetzer
use all the measurements during turwtLx that were gathered ard Lto.ejo;. 19891. This approach appears promriing also
from the buoys, the aircraft overflights, and so forth, Each because it gives an adequate characenzation oh the high].
certainly has its own limitations, but surely they could be intermittent [gustyl field of air motion.
put together in some way to get an optimum estimate of Open ocean waes are usually highly desetoped. where-
the wave field. Each of those measurement devices has its as in i iw ix, one is often dealing \% ith a rather poorly de-
own transfer function, and the spectra we see are the end %eloped sea. The inverse wase age Iratio of wind , elocit,
result of those separate transformations. For example, there io wave phase velociit) is typically greater than one or two,
is a lot more information contained in the Sc [surface con- or even three. As a result, there exists a significant Portion
tour radar] spectrum, which could serve as a constraint on of the wave spectrum where the energy flows to larger scales.
what you might call the "true" spectrum. Of course, the This inverse energy cascade is, I think, important for wave
SCR has its own limitations, but all these sensors are sup- modeling. Since the energy eventually must be dissipated
posed to be measuring roughly the same thing, even though somewiiere, the inverse cascade necessitates alternative dis-
each is reporting something different, It should be possible sipation mechanisms effective at large scales. For example.
to produce an optimum estimate of the wave field, using one may consider large-scale internal wases, or currents as
all the information you have available. Such a goal is worth a possible sink of wave energy.
pursuing. PHIL..IPS: Energy transfer to larger scales is already intrinsi-

HASSELMANN: If I understand Owen's [Phillips] comment cally in the third-generation model, in the wase-wave in-
correctly, it is the same question that I was asking about teraction calculations-
the inverse modeling problem: Can you get from. the ob
served wave data and the observed wind data to an optimal KATSAIOS: 1 wonder what the wind variability might do to
estimate both of the wind and wave field simultaneously? the wave field. The models perform so differently from the

measurements. Could it be that these fluctuations in theI think you can solve that problem only if you have a wave' wind generate something that interacts crosswis'? Might
model for a dynamic interpolation in space and time be- there be some kind of extra dissipation or changes in the
tween the rather few-and-far-between measurements. At the model assumptions that could come from these subscakes
same time, you need the wind input to whatever extent it
is available. Then you try to find the best fit to all of the that are not described in the wind field? Might there not
available data that is consistent with the dynamics of the be errors from the various grids that were used?
wave model. I think if one tries to go through that exercise JANSSEN: Gustiness has an enormous effect on the growth of
with the rtrwtx data, one would learn a lot about the the waves, especially the longer waves, which are affected
models and also about the ability to reconstruct wind arid by a factor of 2 or 3- 1 have been looking only at the large-
wave data simultaneously. This is the problem we will be scale effect, but it is enormous.
facing very much in the future, when we begin to acquire PHILLIPS: Perhaps one should reexamine some of the older
global wind and wave data sets from satellites again. The measurements on wave growth. After all. random functions
1IwEX data set is a good opportunity to pick up that chal- that depend upon each other in an other-than-linear wa%
lenge, and to gain some experience in one's "backyard," are not going to be related according to their means. Per-
with a smaller data set, over a reasonably well-defined area. haps instead of trying to express our models in terms of

DOBSON: Just a brief addition to that, Klaus. I think that there an average wind speed, we should use the cube root of the
is another part that needs attention. Of course we have to average cubed wind speed, or something like that. depend-
look at the inversion problem. But we must continue to cal- ing upon the physics that is involved. If we look more care-
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tulls at the phssics, to find out %Nhat function ot the 0 id I U
speed is producing it. "e 1t might get a lot lesý scattelt i Sonic
of our experimental plot,.

tANSSPN. I think we: call do that airead, I h1 usuI" wind

growth curt e is lairk nonlinear. So ( Werbralad [komeni and
I have looked at the fluctuation in the Npecturuml wIth thi
proper probabilit% distribution function. I-rom that we c:an i
calculate the effect of nonliearit. . 0 10

Surface Currents
VAt.ENZtEtA I think we do need Ibettel measurenileni Of thi 0

wind field, but geostrophic current' may also be unimpiant
Local currents can focus and defocus %%a'.es. Iou Ina% ha% C E
to do a niodeling of waves with and without currents. ( on-
verging wake rays do not neces.arilN identify the source kI 10

cation.

HASSELMANN: This is an issue also for ,, s.\um My vie% 100
is that currents are not very important in the ocean for most Dimensionless wind fictfion velocity

of the waves we are looking at, since we do not have a Figure 1. Direnseion;ess growth rater itl wavet as a luri(-tion
monochromatic wave field in the ocean but a continuou, of wind friction velocity, botli witti Suýkiractant isolto circiest an!
spectrum. I think a typical eddy current field will quasi- witnout surfactant topen circles t(Reprinted wi't perrmssion
focus only small parts of the spectrum at a giiven time. ThFi from M'fsuyasu H, and Honda. T. Wi•mI-nduced Growt, ol
eddies just mix up the wave field, and, as we have a Gauss- Water Waves., J Floud Mecn 123, p 440. 1982 by Cambfidqe
ian wave field anyhow, they will not be noticed in a rca- University Pressi
sonably broadband measurement of the spectrum. Acros,.
a large shear zone like the Gulf Stream, they might be. but rameterized in terms of u. instead ot the mean %uid at a
I would think that even there the eddies would not be ,,er 10-m height- This has a %erN imporant implication, having
important. We are planning to do some experiments with to do with the fully deeloped sea. The first imporiant pa.
,AvNst, both with and without large eddies, to see what ef- rameter from an model is the significant Aasc height for
feet they have on the wave field. In joNsw --,w. tidal currents a fully developed sea. In the recent paper describing vw xv
of I mi/s really had a negligible influence on the observed [Wave Model Development and Implementation Group
waves. But I agree it is certainly a question to look at. w-tNtvi. 19881, one can pick off the asymptotic ,alue for

HOLTHUIJSEN [added in proofi: Recently. it the fall of 1989, large fetch and put that into the dimensionless energy. With
Hendrik Tolman and I transported waves across a ring and a modest amount of algebra. one can get the significant
across a straight section model of the Gulf Stream, courte- wave height as a function of the 10-m wind. It turns out
sy of Scott Glenn of Harvard, with a third-generation wave to be equal to a constant times the square of the 10-m irind.
model that included all relevant wave-current interactions, plus a second constant times the cube [Pierson. 19901. We
The computed wave modulations were significant, some- have been working for many, many years with the concept
times creating a significant wave height enhanced from 8 that the significant wave height is proportional to the square
to 10 m in the countercurrent part of a ring. The modula- of the 10-mn wind. One could try to see which assumption
tions, in general, were restricted to an area of about two looks better compared to the Ewing and Laing [19871 sig-
ring diameters. nificant wave heights for a full% developed sea, expressed

in terms of the 10-m wind. The misi assumptions make
Friction Velocity quite a difference; for example, they drastically change the

MITSUYASU: In this meeting, I was surprised to find rapid behavior of the first-generation o•,(),%i [Global Spectral
progress in measuring techniques. in analysis techniques. Ocean Wave Modell. The waves grow much more quickly
and also in numerical modeling. But I would like to stress at high winds. Up around 15 or 20 m -s, they are much
the importance of fundamental studies. In my opinion, we higher than the square law would predict for the v A,,it drag
have presently exhausted the stock of good results of fun- coefficient. There is a spread of about 5 m in height for

damental studies. So we need again to accumulate good three or four of the most popular representations of the
data. I would like to show one example. drag coefficient in the simple version, where drag coeffi.

These [see Fig. 11 are laboratory data on the growth rate cient is proportional to some constant plus a second con-
of waves under wind action [Mitsuyasu and Honda, 1982, stant times the 10-m wind. The crossover point is about 12
Fig. 151. At first sight, the result appears to show a reliable or 13 m/s. Below that, fully developed seas are lower, and
relation between dimensionless growth rate of water waves above that they are higher. It might be worthwhile to check

and dimensionless friction velocity of wind. However, be- this discrepancy in as many ways as possible.
cause the coordinates are logarithmic, there is actually large HASSNI.MANN: Both of the previous speakers have made ver.
scatter in the data. The scatter is larger for waves contain- good points. First of all, what Pr: fessor Mitsuvasu was ,a. .
ing a surfactant, that is, for waves with a smooth surface. ing is very true. We are now discussing, for example for
These data were obtained from a very carefully controlled xNk.t, switching to a different input source function that
experiment. The friction velocity u. is also measured very has this ui, dependence, based entirely on lab data. We
carefully. Therefore, there still remain problems in under- really do not have in my view good convincing field data
standing even such a fundamental process. that would force us to switch, except for some secondary

PIERSON: The major difference between wAm and other models effects regarding the momentum transfer. But what really
is that, in wAm, dimensionless variables have been pa- forces us to switch are these lab data, so I would very strong-
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I EUT Pae !O oi)cusswn

lv support the need to do more basic: studics for thle nIojel. '.CiI ldt ittade d ~ t oiiIthi'lot 0ih: '!0! i I .it!, fli
ing. WVe cannot depend entire[% on thle field datat: %caic i II( !lw if1" hja sonIlc N uvwt7lol "! ho' '0 c wlo
very much dependent onl sort ng out tile dilterent Pi o-- he C'.t bi slied III !it;:a i~k ii'. 1i: t' s s .iI

es in the lab.dee d dataI 'Ll ss wcl 0le L01111inclil iiii -IItt d 11 o tti'iIw
Fromn the point of' %ie of' thle am phitude, or peak tie. '01iat iion oei iie aild oi ki"But ti data 1Ia ar

quency, you can lIke %k ith the present sour ce tuncýtioti oit AlOund lrit asc odelci %LitIdtIot! putlixonC do nlo: '.cvit
s-stor with the te' sour~e function. It does niot reall' to tie.'cu awate: en{'u'.t it, dii that -Xl ithe ini~'klu

make much difference. becaus.e the dissipation ternm canl be vCtull:n i eN unlh' do sonici dat.i tipc 'uttdiex pvthilap, 11;
tuned to get the same results. The nmain dif-lerence bersnicii thle 'sootherin Hetniiphiet. c\aitiititi dii ltvsiit 's1& ol-' !dti
the two source functions is in the miomntcum transfer, ss hich tin itlv 10 IMO all Idea 01 linstAN is dataW ate X aL: e 14 ICI. 01 lI
depends more on the high frequencies Atgain. I think "er model' so that inC ýcan l setflient?'
would not have been forced so itrongly ito cotnsider chitang- U \Y".jt % I AA'sN \I %wa, no: tnýCl lel~lteibis on11~lcul ned is nItII,
ing our source function if' we did not haie these ser\ good problemtit0 crrim bars, titn %is \. I think all weý hac i to do
la; data. i,. put anl en of bar killtile ',)LI: "C klt\ i k ios hni t,' bg 1t lot

To come to Bill Pierson's point, it is, ohs iously \er\ int 1110'. t 0 tlie'.e spectrla In a dabi i no indcI'a'tit tt I le
portant whether we have a it. or at U1, fis itd speed at D~obson's coninrrlcnt earlier that tile data Niere irsiet ulk in-
10-tn heightl dependence in our source function if* thle drag adequate: to tes; h:h nilodel'. utile'.'the Iiia reterrine t o ai
coefficient is a function of wind speed. We looked at thinatps ro f3'o s.%hd ~aoil p
question because we are aware, of course, that we would oma' ro t3 rs.wnhocsorl\apeared
get much higher wave heights at the higher wind speeds than "it) idea of ho: guood Bthe napa irtiu f trom ha, % tae alttnirk
we had before. We talked to a lot of people. The general "Ot da(fh% odteemxnu ntp cnl. e

feelng ws tt itwas kayto g toit.,and e d ind--d arc fo. r reproducingit to-dimensiotial '.pcotra I had thle lilt
feeingwastht i wa oay o g t u* an w doinded pie~sson. froni (the struCTUre oit the spec.tra that mc savi ithan

get the higher wave heights, but the data supported it. Be- the\ cýould be well reproduced hi. thle trtar11mnrum entrop\
cause most people agreed. I myself was \serN comfortable tecitniques. InI other more consentinotal spectra. it is just
just to relax and believe it. But if anybody wants to look a questinot ol' the number oh' degree'. of trecdoin. So I did
at the data more closely and say that we should go hack not think it wxas important, May- be I amn confused there.
to L'1 ,we would immediately do it. because we really do It w-ould be good pracnice ohviousl.ý to put itt [the errot bar
not care, from the point of view of modeling. We simply opol nwhwmn egeso eeo o a
put into the model whatever the latest theories on wave Butl in nearly all thle Ii nIt\ \ data, it reall\ wasý not a hig
growth tell us. In summary, Bill, we did look at the data Problem,
before we made that change. We %ere aware that it was
an important change at high wind speeds. DO)BSON: The only things I telt badly about were that there

wxas only a single measurement at each ship and that therePHILLIPS: Underscoring the importance of u, versus U,,,. al- wýere bi'p differences betwecen the modeled and obsersed
though Professor Mitsuya-su did not mention it. the results wave field at each ;hip. And I thought that these single mcii-
he showed were plotted versus u., but the inean winds at surements were inadequate to define the measuredl wake
a given value of u. varied by a factor of 2. as I recall, be field. There were some escellent wave mecasurements from
tween the absence or presence of a surfactant. Only when te\S5arrh ntuet.Ioh ihta hr a
you use the u. does the scatter collapse. The mean winds ben more.
corresponding to a given u. were very different in the tsvo

cases . ONLLAN: This raises a more general question. Do we need
some statistical structure different from the raithr loose oneDOBSON! On Klaus's remarks, there are two important points, we have no% in order to compare models? And should a

One of them is in the usage of the model going from UWi group like this try to develop that?
to u., which I understand Bill was talking about. The oth-
er is in the ealibuation of the model. Both are important; Ship As Wave Sensor
both matter in the final result. You say in the recent %% x~Ni
paper EWAMOIDK, 19881 that we should refer our results to BALES: Perhaps the ship is the best wave sensor of all. Knowk-
it, People who calibrate your model use Ulf). They have ing the wave field, you can repeat over and over in a tow%-
to use some drag coefficient to produce a result in it. so ing tank the ship responses, to say- l0q'. through about sea
that they can provide something for you to calibrate your state 6. In Trondheim, Peter Kjeldsen ik rcreating the mo-
model with. tions of the ship that were measured at sea, given his best

PHILLIPS [with humor]: Sounds a bit circular to me. estimate of the wave field. Owen Phillips, suggested earlier
that none of us would agree on which model is most cor-

JANSSEN: Regarding the u. scaling, if you assume the Char- rect, We might consider dev eloping a standlard set of ship
nock relation for the roughness, you analyze the boundary response transfer functions that could be applied to all types
layer, then you just end up with u. scaling. There is no w-ay of' wave data.

aroun it.DONELAN- Wouldn't the same thing be true of buoys? HoA
DOBSON: That produces a number quite similar to all of the does a ship differ from a buoy in that regard?

long-fetch Ul, versus u, relations if you use the Charnock BALES: I do not think we have a good handle on the 6-degree-
relation. It does not reproduce the wave age dependence of-freedom motions in a buoy. Buoy manufacturers, mightthat people like Mark [Donelan]l see. disagree. There is a wealth of theory -going hack thirty years

JANSSEN: Oh, no. That is why we are looking at it now, for predicting ship responses. it seems to work, vers, well
now, both in unidirectional and bidirectiotnal seas-

LEWEXErrorBarsHASSL~iMANN: I think many of you probably know that thin
DUFFY: I would like to turn back to an earlier point regard- idea was followed uip b) Tucker in his shiphorne wave

ing verification of models and how we do that. Peter Jans- recorder. There is one problem: you can determine the ship
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response gisen the ss ave field, but "'0111 back to the: 1!. .AI: "5%i Ilk siiIiZ. !it75I
field fromt [tie ship motions i,, tnorc cotmplicatedi loti still, dfifilw- rh'ýouv!' !hz- i rJ'i''
than it is for a buoy. Ihlat %saN (the tMain reason that peopleC ZL!rý' X: t'hre Ie> hri rap
swtitched to huos and gate uip the shiphorrne ocean illI %~s Ca' hjt r k: ~ srr tk0:1 J1e tv''.
recordecr. I think Bill Pierson hinmself ktorked quilt: hit oi nsueseii res~I
wsith those data and %sas not too happx Ot it themt \1xti rhv 0111w e'iivi -mlý
recollection %%:as that the data sterc not as Usetl1 ut 0MV
hoped theo might be. '1 a .et rie.A

iX)NEI.AN [with humorl: l-oigise mie. Klaus, huz I hia'. the tjtriii V slosirir .n ir Iftia, ý%o';i
suspicion that getting, from lith: Ship Motion to thle %tjas f ield WkIti's' iCeIrericIe' .ý"it s
is probably no more difficult than gettinu f rum hct -. \k ini It x~itN '\V i ak:le ~r~ iC ' iC '
age to the state field. 1, pz'd'ati ti ls Inis It I %k ea1k . ~i ss :tItt t I i -tIfIi 11,i

HASSEAIMAN N It is at quest ion tit' the plat ht0T m 1'. K\,i) I cur p~tipred to \11 ha C tied t,'r'''týi tvIe s' !
knovt the *%elocity of a -\ik. Thtere is no captain out 'threre reqtuclics\ paf. Ili or hcr s'old !11 Us '.terrIsrII
fooline around, rue lloz iiir er dir cr:~iair \'W !,, iiii, u: & hitldho!'u

PIERSON: The Tucker shiphorne wase: recorder \korks besitsao t:ate tit lp.jidt~ itrria ir
whiten the ship ii hose to, or progressing at perhaps a knot 'iml picAkil uplept\ uikJ~I Istol r 1um Iian'drrii':'.1
into head seas. There \%ere problems in calibration %kith ithe I'Ht 1 I"' es. thet rioniltiteirraitrs i.e:rssU .

Tucker recorder. The most fascinating thing e, et di tie st as ef or fileter INut I 'S unlder ssie e r~ 'ht ne inal rr ipu
to put the accelerometer on what i;%e in the L',)S- ca!,. a I er- intok those l 'rre oIripIcierns1 nor t'rWla;:; h1e" t2Crier A"
ris wheel and measure the acceleration. It wo rked urphi- nliot erapidi
ingly w&ell at very lost frequencies. The equilibrium sp-ectral tt*stS \\N ll. :he suilni mrpw r:hci 1.isn h' .ri 1,
form. proposed by Pierson and Moskowitzr. and which led el
to the soissst, was developed using these data. Also, you
can control the sector velocity of* the ship, chiange its head- ['lil t tI" W' ) u hiate tilt Mlile- 11iieiran11isrt. kkhrr'h is iriii
ing evkery 100 in a steady sea, and get a long record. rhen it uip too.'
there is the horrible problem of matrixr inversion to Pull out HAIN~ I MAN\\ Well,1 , it is hpothesi' -st: ti'ic trot reQsted. hill
the spectral components. YOU Could not dream oft trying ste hate the tvehitig tnar tn'hieh rener, oN''
it fiv e years ago, but today you could dto it hac:kuround enerie'. that is sloshiliri around In rhe ~'icatt all,

thle time, att ert lie tIodel has heeir spun uIP. n\ i n rot bev
Model Seeding Mechanisms hieh enough ito get the %%ase: spectrum hurl, tip tluikl\
HOLTHUIJSEN: I have been puzzled that in \\ N't there is lit enrouigh \k hen the \% ind turns, suddettn, ) oun rii\ ht: rlghz:

Philltps mechanism. I was not overly concerned until re- it "te actually look at the Milos mechanirsm more Chosels.
cently. In t Nit is not really a problem, because an ini- it mra.y be adequate. but I don't really think soý I shouiJ
tial spectrum starts off the model. But that initial spectrum miention-\%e did nttu discuss it in this netierin-Ttiar Nke ha'.e
has moved out of the model after a few days. If then the been finding, %kith uric-year statistics ofI a qai-tioi)jetratiaral
wind turns, there is nothing in the ness wind direction to forecast study that %t No tends to be too slo't% in tinjldrin
start the waves from. So you may have a much sloswer tip rapid eventst Iin the ocean. \\c h ake a tiumiber oht diitter
growth because the initial spectrum has moved out of the ent hypotheses as, to sshat the cause oh this could be. Thai
model, and there is no Phillips mechanism. I do not quite is one of the hypotheses that tse are considernru. But, Nke
understand, if the computational effort is marginal, sskhy do trot really knots at this, point \ hat thle ati'sser still be
we do not put that mechanism back into %k .svi? IxitSON I hate listenied to Divt id Burridue ironli Itr %!\ talk

H-ASSELNIANN: Maybe we could put that mechanism in as a inv, about this same problem %k itb stor ms, that I", that ,iiec%
trigger to get things going. I guess that is the point you are are too sios. to spin uip in the Ii sitk model. IHe had
making. It is apparently a very small term if you just con- thuttatiprblyadodosihomtedcke
sider the measurements of pressure fluctuations in the at- tssecn the stave field and the \%ind fiteld.
mospheric boundary layer and make a rea~sontable assumption 1,1t tl-titiJf st \ added Iin proofl. V'an 5'ledder ol Dlfett I it)-
on hosw they are distributed in the wave number domain. t ersiry recent],, [summer. 19891 did somne test, "with the per-
You require the spectral density' of that wave number distri- sotral computer tersion (i t s\% %\ %ithi the Phillip, nieli-
bution on the dispersion curve. That triggers the growth, and anisni added- HeI found only marginal effecrs on thec skitat
you come up with a factor that is about 10 1 smaller than growtth Iit t urn ing wind cases. Apparenrik, the norlutliiear ini
anything that you need in a model to get thing', going. So tetactiolts provide eniough sdii.
I really do not think it is a very important term. The mech-
anism is still extremely interesting, though, as a physical pro- OeainlSgiiac
cess. The reason it is small is because it goes ais ( 0ar/P~, Vk,'.
rather than simply (Pair p0 ,.a) K121. I t)ItEN I have seen the ', %t I portion W I tk I' \' vross hiorn

But I think Leo Holthuijsen's point was that one wvould the first idea in 1984, tunder the leader,,hip on ua Bales
Eike to have something to trigger the waves. He is quite right, and Warren Nethercote. ats part ot the % % i' Rescaich
The waves start off at very high frequencies. The sway they Study (iroups [ ;s atid i' j.Their main interest In iI'ti
start does not really' matter verv much, because the timne i \ was as an e'speritnent ito both impruse saicry at sea and
it takes to grow through to equilibrium is short. So the mod- aid the efficient operation oht %sesels In high sea stares \k brill
el is not sensitive to host you seed the energy at high f'r- you have seen at this symiposiumn is, oril\ a small tra~inrreur
quencies. But you do have to have the energy in there in of the w~ork that actually has been douc Iin the area ot
the beginning. Because vt Ast has a prognostic cutoff fre- modeling, predicting, arid applying directional \ate spectra.
quency of 0.4 Hz. we very often do not have any' encrgx that is. one sea trial consisting oif fi~te dat s p1datat a~qiusi



1.1 1%LA Panil tv! Lssioo

tion in relat ieI % ow sea states. -A statist ic-t tlt a oac:hto pitedicýtm aii ii:i i N lwl o't.:tic aiicthIi wAould hikc
use all sensors sminuLtaneotusI~ -airbotrne., ihipbortic, and tit to~e" III!~ t'cia Owh; dsgctlle, !Ila! Ire 'Of!
sau wave sensors-tus txeen pit posed. Nkherein each -,enso i!Jclalol III i!I'n 1" it iw kc Rýe V-10%% hatf" ofu 'ceti

is assigned a .%eight, M itch is computed after an feiift tC+j Ott d 10 -1 p%1 e !f i itot nalk ttic .itIC t oft iii
of' errors based on statistical comiparisons mith it commnikt III
kex sensor, A' more complete acc:ount ot the ioi 1N is ii111l
able ats at \s \ i publi.:ation IRn tk epoit. 199 1 J. tvettie Was

It wave fci)recasts, aie to become pra:tical operationath IN)l I5 A \ s, nc tsso f~ill people htase raisd p011nt 01 h',11
I see no way to as oid developing. a nonlinear algorithmi lot ,w %lldlk oIe)Jl oicligta TuAfl tt
wa\e-current interactoioth. As a portion oit i i \k t\, direc: 11ort.11 [ar indlike to thlenit sonietiin that ' truJ. mcI thrio
tional spectra were mca.stired fin a strong curreut shea t~ Ile-tgI riti tewe e akdaou d}lJ

twýeen the Lahrado ( urrent and the Gull' Stream, A treak aspects ot the p "se hat s.cnt it) he Ill shonl suppl% .IDnr
wa\e ws lsoinaurd i tiN re, cosetoa bt% shp ill!t Mt, llcl'spreSentai~oti I Vtas StrLI~k h% anlollICT
svav wa alo me~urd i ths ara. los to bn~ sip hntg, that Neemsi to file a little surtprising~ I worticl wAhat

route [Kjeldsen, '989[. The effect of mecandering onl the etertca.itpr cla hn bu t hti.lea
directional spectra is pronounced [Sateseraas et at._ 1991. parantee oA these wkalls (if vsatct that ate called eioi
The rms crest-front steepness of the individual wases in tlte PeTe ppa-a eati h
time series is wset. correlated with the moments derised fromt 5t%5cs or mimeut wases.--f Ia, nil,
the wave spectra. rec:ords that I has-e seen reported, and the ship people can

Wave forecasts and hindcasts have already been run, ei'.- rrtfiet'Iansoe- cu i n\tn ,e h:

ing mis crest-front steepnecss as a nie" wave parameter From cotm ie h el>lresc -es igta ekts
here th net sep o pepae a oreastforplugin brak- about s' as es sggest' that all of these thtiigs should be-
here thenextstepto pepar a orecst fr plngin bre:-fcald, and No sou Nhtould be able to see similarefct-

ing waves t' casy and already under preparation, based on lhuh'o olioloic heiwt h aedgc
data assimilation in real time fromt satellites, w%-ith currettt of, Panlic-ott a secr\ much smallet scale in a similar seaf.
and wave dwnt combined.

There Ls a need for inmprovemenit of if situ measurements. Deta tiev~ t upiig osayn att

Within a recent 'Norwegian experiment tin the North Sea, cmeto hl'
some wave buoys capsized in I I-in significant wave heights. BL:(Kt.I:. V A ha\se something of a parado\ here- 1-irst of all.
In LEWTAs Some Of the same buoys survived, butl the meca- I believe that as far as, the mechanics of' nontlinear. crnergý
surement scatter among them, even in low& sea states, is too conserving waves is concerned, what Dr. l~otielan suggests,
high. regarding the sc.ahng of episodic wsaves is correct. But a.s far

The directional pattern of gravity waves. obtained recently ats observation at sea is concerned. I am riot sure that such
in high sea states is different from the results obtained in was.es will be observed in smaller-scale sea-s The reason lor
low sea states during i.w..Rs ,i and Rsk. have therefore this is that I Suspect the rsso types, oif episodic wase packets
put much more effort in sea trials that took place before [iLe., "three sisters," and rogue wases] are nonlinear evolu-
and after 1.F\JFX [See the articles by Nethercote and Kjeld- tions of' the steep, long-crested wave Isee: Fig. 21. Both the
sen in this issue]. During the transit of the Tvdemian from ship miasters and Coast (juard officers, whomn I have- inter-
Europe to Newfoundland just prior to It1'. F"., DeLuis siewed indicated that this "parent" Aave-most common
[1988] performed a hindcast with two wave models usinig of the episodic types-would be crncour'tcred (,)tit if a storm
LIKN() [U.K. Meteorological Office] wind fields as input to with central wind% of at least 25 to 30 i ,n was in the 6cicni-
both models, There wa~s a discrepancy of 40%/` between thl r> I [ship masters* commetits] or if wase-s at least 6 m high
two models in their prediction of significant wave height in af storm were being encountered lCoast (iuard officers'
during a severe gale in the North Atlantic. With access to comments]. If 'my cottjecture is correct, these wave type will
several independently prepared national wave forecasts, not be seen until the parent waves have been generated.
there exists an opportunity to prepare a weighted forecast (jiien a sewythat is almost invariably short-cretsted.
to be used for large-scale coordinated operations at sea, such how do we end up with a single, huge, long-crested wave?
as search and rescue. At present, a one-hundred-year design
wave is prepared for the offshore industry, using a hindeast
database from only one wave model. The use of a weighted
hindcast would be a considerable improvement.

The few days of measurements taken during t i-wux do
not provide an adequate basis for an assessment of wave
models. Longer-term wave statistics based on full-scalec mea-
surements are needed to perform a complete scientific valida-
tion of wave models. SAw-nf can be an important milestone
in this area. I agree with Susan Bales that we should develop
a standard set of ship response transfer functions from the

tw'xdata. Also. I would like to emphasize that we are in-
terested in safety, at Sea, due to the many accidents we have
had in Norway. Therefore, we are interested in the reliability
of the wave forecast. In such an evaluation, a long-term study
would reduce the discrepancies among the various models
that were evaluated in 11TV-i.

BROWN: As Peter Kjeldsen has said, we clearly need better data
in large sea states, The topics of' this symposium include Figure 2. Example of an unusually large tong-crested wave.
measuring, modeling, predicting, and applying. Most of the (Reprinted with permission of the American Bureau of Shipping.
emphasis so far has been on the measuring, modeling, and Surveyor, May 1968. p. 231
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The wave crest is perfectly straight. Hos, does it glow tron is probahk fihe result of ,ic ,rtrithr-, 1t,1 dlstaInt h., ntRa
a group of short-crested waves to a huge, long-crested wasc koy, alcuitiniulted IIihr., particilat • icri
just breaking on the top? There must be a mechanisni for hInphIt1ci, I hihecs 1 111 new ,I l,. I !hink
that wave to acquire energv; otherwise, it would riot gros% a:v ýer •s challereit 11to1 t11 !1, tner ':nrd 5: cFc, Jc.ei s.'1
laterally- There is apparently also a mechanism, and it i, nor understand iheCl n,,s,
obvious in the photo [Fig. 21, tor dissipating energy. Other-
wise, a large, short-crested wa\,e would result. Visual obh. HtASJ I MNANN. ()hll i', dcscription. 'ori.l.., h ls,!\ sponnlkainn
servations of these waves also suggest that the. man be (0f course. %we do not knloss\A. ha! 1h it No sNrc wleins 'pc•_ir•t.
nondispersive, at least within an observer's field ot view. Let |no spcculale inort: conseralscrall.cl iasb. he,c tcak
The long-crested uniform height of the wawe implies thlat w.. e, do not presentls coric out ,4I our Idel, Bu 1! 1
it evolved over a fairly long time, not briefly as in the case quite possible that if -ou takI the 0!mall-scait 'tiines-. .t
of a typical short-crested wave. The governing equations the wýind into account--inn.stcad ot hasi .v, just the nortnhal
must account for simultaneous acquisition and dissipation homogeneous Gaussian field,, with a certain, m1t v\e not cr*,
of energy, which is different from the usual modeling of large, probabiliht of something drastic, happening on a
conservative gravity waves. smaller scale--ou cain get a tnodtulatiotn of that (iaussian

Also, in some of' the radar wave images from satellites, field. You sudderil! get a largc local rn, pctaton sal.
the waves are moderately long-crested, but every nosy and ue. Then maybe you could do sometlinteg ItI the %%a\ ot
then some are inclined to the general wave direction at fairly producing freak waves utLSt bý. Ohanlcc superpositIon. But
sizable angles, perhaps 15' or 20'. Why? that i., just pure speculation.

HASSELtMANN: If you watch from a plane flying over the In the present models., tkiat Bill Pier,ol "ias referring
ocean, you also see waves going at a different direction from to, and I think it is quite true, is that Ae hate not really
what you expect. These can normally be explained away, calibrated or tested the models with respect to ,he dissipa-
by a theoretician at least, as being just random Gaussian tion of swell over long distances. The reason we ha, not
fields that you would expect occasionally. Bit this freak done that is that -we do riot have good data at this point.wave that you described-chave these waves really been And, of course, Bill was also complaining about our dis-wavethtysrsion of swello which Liana Zambresk his olume[recorded quantitatively so that you can get theoreticians up- persin o wl wh ans ,amhremd oset, or are they just discussed in narratives?showed in ., ad we also saw in te .. m l oDean Duffy [this volume), which does excessively spread

BUCKLEY: There are several different types of storm-driven the wave energies. On the other hand, I refrained from say-
waves. So-called episodic waves are those that visually stand ing anything about your previous technique, Bill. because
apart from the others in the sea. They are very clear, so you were doing the "water sprinkler" technique, which we
that observers have absolutely no trouble telling you about kno, is also not good. So what you really need is a model
them. You suggest they are part of a "random sea." but which has a linear dispersion as the waves propagate, and
believe me, these waves stand apart. The type shown in the none of the present numerical schemes do that. On the other
photo is the most common, as far as I know. Coast Guard hand, looking at the errors that we have, we do not think
officers characterized them as occurring every seventh or this dispersion problem is a major one at this point. Other-
ninth large wave in a severe storm, wise, we would all be much more upset. It is very easy ti

The other type are the so-called three sisters waves, a quantify and understand. If you want to improve it, you
group of three waves that intervene in the seaway. Two just go to a higher-order scheme, if you think it is worth
Coast Guard officers told me you can see these waves coin- the effort. So I do not think it is a big problem to do that.
ing at an angle of about 30' from the dominant wave direc- But just to go back to what we used to use, the sort of pure
tion, with a distinct intersection between this group of three Lagrangian propagation, with a little bit of jumping around
and the other large waves in the sea. Waves of a similar from one grid point to another, does not have the right char-
character have been observed to evolve from steep, long- acteristics for a spreading, finite-bandwidth wave packet.
crested, regular waves as the result of nonlinear instabili-
ties [see Fig. 19 in Su et al., 1982]. The intersection was PIERSON [added in proofi: The water sprinkler technique for
described as "walking toward you." These waves coming civm %, did not originate wth me. The method used in the
in at an angle are also of an appreciably longer period than sows can be easily applied to spherical coordinates. Waves
the others. Ship radars have tracked these wave groups ap- do not diffuse, they disperse.
proaching the observers. HOI.THUIJSEN: Van Vledder {19831 looked at the statistics of

PHILLIPS: There is a lot to learn about waves. It is not impos- wave groups, and he did find that roughly every sixth or
sible that there are a few things of this kind still to be learn- seventh as the highest wave. So there is observational evi-
ed. After all, it was only twenty years ago that we first realized dence that every sixth or seventh wave is the highest.
that a train of finite-amplitude waves was unstable. The
Benjamin-Feir instability was discovered fairly recently, And PIERSON [added in proof]: Extreme waves are difficult to un-
there has been a lot of numerical work on the instability of derstand, but they have been modeled. Cummins [19621,
periodic waves. I would not be a bit surprised if there is not Smith and Cummins [19641. and Davis and Zarnick 11964]
some sort of "instability phenomenon," or maybe you can created extremely high transient wave forms for the study
imagine something on a storm-size scale analogous to the of ship motions. lUnfortunately, the analysis tools arid the-
wavemaker developed by Ken Melville [MITI that changes its oretical concepts at that time were inadequate. These tran-
frequency. There may be some combination of winds that sient waves are very nonlinear, and these techniques do not
produces high-frequency waves, and then low-frequency appear to have been pursued by naval architects. Present-
waves that converge at one point to give you a couple of ly. two laboratories in Canada and one in the United States
great big waves. The fact that it is long-crested suggests that have produced extremely high breaking waves for various
it comes from a distance. It is not a random local superpo- purposes, but most of their results are not yet available in
sition or anything like that. If it is a real phenomenon, it the literature.
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1.11 EliE Panel Pu)iicusioon

Closing Remarks j s lseftofona rl. I 11tiii: lrtttinc (1 thtc e'sit

Ph R R I. Do ou thin k I can hope h fat all these i ss \ohc 11bset ki 1 t 111 11 cit, arl uIh i e loe n
vations %k ill be understood, so that it I ,:hanvtc the \k Nv M ~ t!t

model 01 introduce a ne1M dissipation (fune1tton, I cart po %cojTýoli
hack to this data set and check it %-,ith the bttos data arid BtB1IO(.RAKII
all the observations anid he able to untdsrsztand Misethei
hase made an improvement or not? 4V ~ l~i-

What about thle GeOSall winds? I ant vets n~ais e abOUt1 W, 11 '1! 'ý if '"'a 47 ill ill-

how% those are derived. 'Will the% imptos e the wind tield I Irn d! ~i'aI ,sn 5
What is the next step beyond this present comparison? *ii, lo ! Nx-l k c'O,l' iý 1,s )( pp sipi siýi

B-EAL [added in proofl: The next step w\ill be to ptoduee at per- O.t 11 $11 k 5- tyldwtr(:'s.' _,wnpl !'n,cti
Manenit record of the etwt I \ nt iierconparisots. includingt 11'.L illIi. Stlm 'a Wljo J, Dal" i i,'' lov o. ,t a ot..si 1<*-ý

accurate documentation Of the meaSUred and modeledi Dpec-l %Ia A, '. stuaau Itt i 14nn x 1,ra .5II11.0i/ jr,, ,!-
tta. But I really doubt that the it w \i \ olhser% at ion\, xx ill fllnmnatrý Plan" '5Nmon.,, \k iieTm. k civ ln<a au l!!w toi I,, I u,

ever allow one to choose uinambiguOUSly ss hich model is , ~ 'i.i~(i 9

superior. A,, Peter Kjeldsen has commented, a much lonLeer "llig. 311 t 1 'il tOrciiisrcuit5.' e

database ts required. Geosat passe!, during trssi N are 1191 j ,,((U4½ ~7 ~~V (~ it(

sparse, but should at least illustrate the spatial structure of' Kckn .I Urluitiw a5iCI lruer-.ct [ill' C Ssss rI r-JC ~uI
the wind Field errors. oci \ka'w' t '<'cflitiviii ill Pro, N <t I() tO 014 e Reseun,r~ 14 jc

Ifi o, Hul Xnetnausitl,, s \tdc, Norissi St.U, 1ý4)'A'ali tiiir I afn Marl
IX)NELAN: That opens an opportunity for me to raise a tques- nek -\ S. Trondjowit. Nwvusa

tio readn the role of fuueremote sensingz systems. If \I'W a n.d Honda I ,S "ind. Indtind ( i~t of kkate Aji e .415 ' J
How can the planned StR-( Ssik flight be coupled with the 11111a, WeLh M2, 425--W 0982)
European r:Rs i scatterometer to improve our understand- Meirsii, Mi. J., The .Spctral (kanal 14 as,, %bxirl i.S t151 W).ratiler', U014i
ing of winds and waves over global scales? sphierc Computer Volwel for .SMifting and /-oneeciising (Kear 14 aic Spetlru.

DT)NSRtX -92 011. tiaWi %k tailor Ship Re'ctwr,:h and tDeselipmctl! ( enter,JANSSEN: One could use the stR-( SAR spectra in a wave as- (_aederock. Md. (19812
stmilation scheme, supplemented by the winds derived from ~ X . )ptdic tR(~ta ~te t i nmnu 'rn
FSs-1, and show that the\ I improve the wind analysis over Octs." inS Surtai 1 HdieN and Pni.n's Current Tieori and Remote Serivine. PMant.
the ocean. This improved wind analysis sho,.ild. in turn, im- %X. arid (ie~~,.. cd,.. Ktosw AcidenmiL Publishet,. t)ordres'ht. Th(!
prove the wave field analysis. `Netherland,. pp. 1-1-220(t tt)lt.

DONELN: Ths sees to e a -RSG-1 ir-mat NA TO Report an i-u/i Scae 14trfeasurerrentu, NA0Mt)Spcal
DONLAN Ths semsto e agood point to call it a day. I Group ot L-Nrts on Naval Hydrodyn; cs. Defensc Reseatch Scuoijf. N~kIt(

believc Bob Beal has some closing remarks. Does anyone Headquarters, it to. Bruiil,~ 'i, pre, 9)

on thepanel ave anthing lse? se.~ N.. kteIdsen. S. P'.. and Nacroin. XS.. Report oon: the Court of In

PHILLIPS: I would like to thank Bob and the people who were quirv Mjade After Luois of At'S Sun (oast at Stad in Aorwai. 2nd L~eremPer

responsible for the local arrangements. They have done a N o 'prr rn~ ~~ ''ilhetrmMcnc S anhl
splendid job for all of us during these last three days. SchrizeT D. nI -vjy . CeeavdsaeI~rac n lilrca

BEAL: To the panelists and to the audience, I want to express Proceises in the Atmosphere." hire Appi. Geophlvs. 1.30, 5"-Si OWN
my appreciation for your many insights and candid criti- Smith. Wi. L._ arid Cummins. 'AE. I--rvnrse Putse Testing of Ship Mvodels.
cism. Your comments will be part of the record, and will in 5th .5rmip (in Naval HYdrody~namiucs. Ship Motion,, and Drans' Reducton.
certainly influence the way we handle the data and the way iN(*R- 112, Of-flcs of \a,.at Resarch. Vashington. t.(.. pp. 4394-a 0%4).i
that we look at this problem in the years ahead. An impor- Su. %I-)- , Bergmn, M. .. MSarlet, P.. and 5sTick. R., *tEsperimentsan Noanlinear
tant step, of course, will be to produce a written record of tnstabiliite, antd tiotution of Steep Gravis-WAase Trains.' ! Flid Alec/i 124ý

the tLtWtX results that can be reviewed by the wave com- 45-72 119814t
munity. At the very least, tfswtlFx has stimulated many new SAPrupSe ivMdlngrot IWM' -In !nteri-omprzllson

ideas on how to conduct future open ocean experiments. -rd fWn.f acPeito oes a rnia'RslsadCnh
such as SW ADIE, the ERS-t validlation and application efforts, siots, Ocean wave Mfodeling. Plenunm Press, New Nork 119855

and the SIR-C'ERS-1 wave intercomparison work. Perhaps van Vleddet. G. Ph.. Occurrence rf ;rtie Groups in, Seak and SiweIL'.
R5 1983,'SH. tDelft Univer-sny of Technolog'. Dekpartment (,t civil Engineering

the most valuable contribution Of LEWEN will have been to 1 1983).
serve as a unifying force to bring together those who pre- WAMIJIG (Wave Nodel Dkevelopmniu and Implementation iliroup!. "The 'A AM
dict and measure ocean waves with those who must live and Model-A Third Generation Ocean Wkave Prediction. Model." J. P/is. (*ranft.r
operate in them. 18, 1-775-1810 (19881.
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EPILOGUE: WAVES, DREAMS, AND VISIONS

By Klaus Hasselmann

As a guest at this conference who has not been direttly satiated contentment follos ing this. exCellen I banquet,
involved in LEWEX [Labrador Sea Extreme Waves Ex- that I could invite you to Join rite if a little spcculattvc

periment], I can genuinely and convincingly extend my dreaming about where we maý be going in future "wa~c
congratulations to all of its participants for carrying research.
through this ambitious project so successfully. It has long Let me first summariie briefly what 1 think %c hase
been a goal of wave research to compare detailed in siu achieved in ocean wave rnodeline in the last torts sear\
directional wave buoy measurements with various, po- and explain then \x h\ I belie' e that wave modeling sk ill
tentially very powerful, remote sensing methods of inca- play a completely different and far more central role in
suring the two-dimensional wave spectrum, to make such the geophysical sciences in the future.
measurements simultaneously at a sufficiently large num- There have been major landmarks in our understand-
ber of stations to reconstruct the space-time history of ing of wave dynamics and in the development of ,Aaýe
the two-dimensional spectrum, and to combine all mea- models since the pioneering paper of Sverdrup and %1unk
surements in a comprehensive wave model intercompar- in 1947 [see the boxed insert for other landmark publi-
isor, study. I think LEWEX is the first experiment that has cations), I need not dwaell on the various stages of this
really succeeded in bringing these three important aspects development. But the development in our understanding
together. There is clearly still a long way to go to com- of wave dynamics and our ability-or, more precisely,
pletely analyze all the many data sets and model simula- our belief in our ability-to model ocean waves hak.e not
tions that have been presented at this meeting, but what always coincided.
we have already seen has been very impressive. The suc- Each landmark in wave research led to a significant
cessful completion of the field exercise, and the collec- increase in our understanding of wave dynamics. Ho" -

tion and presentation of the extensive suite of in situ ever, our confidence in our models suffered a severe set-
measurements, remote sensing data, and model hindcasts back in the early seventies. At this time we realized,
in a common format together represent major accom- through detailed field measurements, that the first-gen-
plishments. This well-organized analysis has provided a eration wave models developed in the sixties on the basis
unique and impressive overview of the entire experiment of the linear Phillips-Miles wave growth theories and
and has set a clearly defined frame within which all par- Phillips's concept of a universal saturation spectrum were
ticipants will be able to interact effectively in their fur- fundamentally incorrect. The growth of wind waves was
ther in-depth investigations, found to be much more strongly controlled by the non-

It is still too early to predict whether it will be possible linear transfer than we had hitherto believed.
to successfully disentangle the significant differences we The second-generation models that were introduced
have seen among the various model hindcasts, and in the second half of the seventies to represent this re-
whether one will succeed in attributing these differences vised spectral energy balance, then, essentially brought
uniquely to particular shortcomings in particular models. us right back, regarding the description of the wave field,
As often in the past, a major challenge will be to recon- to the original concepts of Sverdrup and Munk. The
struct the wind field with sufficient accuracy. Neverthe- wind sea was again reduced to two characteristic param-
less, there is no doubt that this experiment has provided eters, the significant wave height and significant period,
the best data set to date for testing two-dimensional wave which could be represented as a function of a single pa-
models in real, complex wind situations, and one can rameter, the wave age. The dynamics were, of course.
safely predict that the experiment will generate many in- more sophisticated than in Sverdrup and Munk, in the
teresting new ideas and open up new avenues of research. sense that the evolution of these scale parameters was
Let me therefore extend my sincere congratulations to now determined by a transport equation. Also, the scale
the entire LEWEX group. parameters were now used to define the full, two-dimen-

I thought this might be a good excuse to indulge in sional windsea spectrum, and the swell was described in-
some personal fantasies and visions, particularly about dependently by an additional arbitrar' spectrum without
the future role of wave modeling in the evolving geo- any shape restrictions, as in a first-generation model.
sciences of the nineties. I have attempted this sometimes In a talk I gave at a symposium to honor Walter
in the workshops of the WAM [Wave Model] Group. My Munk's sixty-fifth birthday in 1982 entitled "The Science
inspired visions of the future were usually received with and Art of Wave Prediction: An Ode to HO 601," I
some bemusement, but only muted enthusiasm, How- plotted the Sverdrup and Munk windsea data from their
ever, I thought perhaps, in the pervasive atmosphere of original report together with the JONSWAp [Joint North

Sea Wave Project] data. The Hydrographic Office [HO
Adapted from the LEWEX banquet address. 601] data were based almost entirely on visual observa-
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K. Had•emani

SOME LANDMARK PUBLICATIONS IN
WIND-WAVE MODELING

Wave Heights and Period 1967 Barnett. I. P., and k ilkcrson. ,I ('. "On tht

1947 Sverdrup, H. U.. and Munk, W. H., "Wind, Sea, Generation of Ocean WAind V\ ase' a-, Inferred
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185-204. 1982 Seasat Special Issue 1: Geophysical Evaluation,
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by Turbulent Wind," J. Fluid Mech. 2, 417-445. 1983 Seasat Special Issue 2: Scientific Results, J. Geo-

1958 Phillips, 0. M., "The Equilibrium Range in the phys. Res. 88, No. C3.
Spectrum of Wind-Generated Ocean Waves," J.
Fluid Mech. 4, 426-434. Sea Wave Modeling Project 6sA ,mp,

1961 Hasselmann, K., "On the Non-Linear Energy
Transfer in a Wave Spectrum," in Ocean Wave 1985 The (SA MP Group, Sea Wave Modeling Project•sv•,MP): An lntercomparison Study of Wind-
Spectra, Prentice-Hall, Englewood Cliffs, N.J., Wave Prediction Models, Par 1: Principal Results
pp. 191-197. and Conclusions, Ocean Wave Modeling, Plenum

Transport Equation Press.

1957 Gelc¾, R., Cazale, H., and Vassal, J., "Prevision
de la houle, la mithode des densities spectroan-
gulaires," Extr. Bull. Inf. Com. Cent. Oceanogr. 1988 The WANIDt (Wave Model Development and Im-
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tions from highly heterogeneous sources-including Modeling Project, 1979-811, and I believe we have now
waves on the lake in Hyde Park and the observations finally shifted the art to where it belongs-to the discus-
of a ship's officer crossing the English Channel during sion of the source functions, rather than the manipula-
D-Day-while the JONSWAP data were obtained under tion of the spectrum itself.
highly selective fetch-limited, uniform wind conditions In SwvAMP, four first-generation and five second-gen-
using modern spectral wave instruments. Yet the agree- eration models were intercompared. Swsop clearly
ment was astounding! demonstrated that second-generation models, although

We have clearly still not entirely removed the art from representing a significant improvement over first-gener-
wave prediction. However, today we have passed another ation models, still suffered from basic shortcomings. The
significant landmark, the introduction of third-genera- simplified parametrical description of the windsea spec-
tion wave models following SWAMP [the Sea Wave trum was simply inadequate to treat the complex windsea
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spectrumI generated int more Conll)pPicaIted rea I I id !.le [d . ,.q,
situations. T'his motivated the %\ x't (-roup iu develop , '~'X,,J

a third-generation \\ae model in hich the \\a'. ý C ti ann.!-
port equation was integrated fro ,i first principles ohi,, cl).l .h'iir.

using prescribed source functions, wihount an\ additional
assumptions regarding the shape of the rcuhlta"I spec 3lob~iI wavt•
(rum. After several years of ,itt effortis, ai e\itenscE y olt
tested and verified third-generation %ka\ e model is nus'\ .
available. We are thus finlth in a position to senriolt Osi c t¢otai
investigiaie competing hypotheses regarding the form utl
the input and dissipation source functions, anid tt coin-
pute the response of the wave field to extre oi r ni -t. u

usual wind conditions, as documented in detailed fiMd Gld 1 ocd,;

experiments such as 1tw\\ or tile planned s\,, \m ISii

face Wave Dynamics Experiment] project.
This development is particularly timel if I turn nou% Figure 1. FILAW(' 'o0W Of ,aVl olts.t-;i.f--s•C ] 7 •

to the tasks facing wave modelers in the ftutnre. ot0 tilie liq cornpmonent for ocean.alrnosphore ,arth)or' e !ý- re ,

scientist, the primary motivation for ocean s% a'. e re•earch velopeo ,n the contex! of me WatIcu Clim, a-ic: Gi •rt ,
has undoubtedly always been its intellectual attraction dta

as a field of fluid dynamics, which is both inhcrent l
complex and, at the same time. amenable to a certain
level of rigorous mathematical-physical analysis. The
support for research in this field, however, has tradition- Ot tile utonient tim flux\ traustcI eCd 10 curcr1, and th
all% been rooted in more mundane engineering and eco- energy dissipation aIailablc tot nixtt \, c arc uul 11,u
nomic concerns: the great practical importance of wave beginuting to itnvestigate thcsc probliciitsce ,lunlo t .
forecasts or hindcasts for ship routing, offshore activities, Nobody has as yet attenipted to couple an ocean Mod
coastal engineering, design criteria, risk assessment, ac- el to an atmosphere model \a an cxphlci model oti lth
cident investigations, and numerous other applications, air-sea interface, that is, \ ia a kx aw'. model. fth coup
Although these areas will continue to remain major line is still realized today using ,imple standard bulk tot
drivers for wave research, particularly as the economical mulae. Numerical climate sinutlation to ith t coupled
pressure to extend offshore activities into enx ironmental- ocean-atmosphere models is a field that is .till it It, it)

ly more hostile regions of the ocean increases, we may fancy, but one that can be expected to expand rapidi,.
expect wave research and wave modeling in the future Reasonably realistic global circulation models ot both
to assume a completely ne' role as an essential compo- the ocean and the atmosphere nko exist. The problem
nen of the expanding world climate research and global of model drift-the fact that the coupled ,\siei. %he1
change programs (ef. Fig. I). This will bring a new. focus freed from the boundary condition,, that constrain tle
into wave research, with a much stronger emphasis on individual subsystemis in the uncoupled mode. sIo\.I\
the symbiosis between basic wave research and wave drifts into another, often unrealistic, equilibrium climate
modeling, state-tfhat has long plagued coupled model experiment,.

Ocean waves represent the interface between the ocean has nowA been largely resolved for response simulation,
and the atmosphere, the two most important subsystems by coupling the two systcms through thc flux anuuioaic,
governing the dynamics of climate and global change. rather than the net fluxest. inallk, the enhanced ,o)I
A realistic description of the physical processes occurring puter resources needed for coupled model cperimcti',
at the ocean-atmosphere interface is essential for a reli- have no%,\ become available and will continue to bc up-
able determination of the air-sea fluxes of momentum, graded. In the next years, simulation, of the couptlcd
sensible and latent heat, CO, and other trace gases, ocean-atmosphere system with high-resolution general-
and aerosols, which together determine the coupling be- circulation models can be expected to Vic a significantly
tween these two systems. We know that the wave field better understanding-and, hopefutll,. usetut predic-
is intimately involved in these exchange processes, al- tions-of natural climate variability, ,,uch a, the 1.I
though this knowledge has yet to find its expression in Nino'Southern Oscillation phenomenon and decadal and
most air-sea bulk formulae. In the future, wave models, century-scale climate variations. Still more importanil..
therefore, will be needed to compute not only the wave the\ will provide atn essential tool fo• the urgent tak
spectrum itself, but also the processes at the air-sea inter- of assessing the time-dependent climate change induced
face that govern, in addition to the growth and the decay by mail's activities.
of the wave spectrum, the fluxes across the interface. The problem of man's impact on climate will require

Third-generation wave models are an essential prereq- coupled models. including not o nl'\ ilic physical
uisite for this task. We will need to look closely, for ex- ocean-atmosphere system, but also the Carbon cycle.
ample, not only at the form of the high-frequency Models of the carbon cycle based on realistic three-
equilibrium spectrum, but also at the source functions dimensional descriptions of the ocean and atnmospherc
determining this equilibrium, since these determine the circulation have now been developed, and it i. is) prin-
momentum extracted from the atmosphere, the fraction ciple, technically straightforward to combine such model,



AI la Y'eltn, Itt

I jh cou plIed ocean I atIION I)[phee I oC l to Irde hI OL Ii CIa It, I) I d II 1ý
impact W't C'0 enmiNSIOuIý oil Climate. 1t4kiiii 11110 1, IMOTtor\ colen 1i..h cd '\lj
count all rclesant Ifeedbacks betsseen ,arianiolN III Owe cartI aItniOSplIM Imiodcl, oo~~~ad
oceani-atmlosphere circulation and changes Iin the ocean ocean1 Is aI ttX 1110 aý,c mo1delI ;ipi Ile. I r It,* Ht *fIIP !ý .i
carbon constttuents and the at mosplieric CO( ) onsken Sr udies, hut ho ld' vCIInetI aIs ! heOw~s (ioh-al
tration. ( hanioe p oci anis.

As more experience ss iihI such coupled ocean itt I nfail\, oceiii55al IC eslha l ad \%s as inodcteV a11".

riosphere and ~ceani--altmosphiere--carbo-cs dc:\:I model' has e aI iniporiait~l TI TO 1)44 pyIN the 0lohtd OhC! i OW

iscained. the details of' the COLuplin' at the an -sea intic- S\SMter planiled Iol the X\\orid ( hmlais: and ($[ohal
f~ace ss ill natu~rally heein to receis e more attention. Pich ac prouer am'. -\I e"Sein al ofoen 011t h'oh
need to introduce anl explicit model ot the intert'acc. Nersu inc 5 tem i the me~aSnIeIentIII ot oceanl ,LII acC PRT
ntamel, a wa ve mnodel.I into coupled models mas\ Iin Iact. erlies trom11 space. Hime~cic, the retries al 0goplriW

arise sooner than some mat\ anticipate. First experMiments, pl'arameIter troni Ilnausocnatll it 0Nen 'lcl ir'Uf- in paIIIfW
w~ith coupled models has e alread\ clearly res ealed' the LIU.a from all-\seatheu mricrolsase "!tt '--dpn'cI,

discrepancy between the relativel\ simrple hulk f'ormulae )call\ onl knoss ldge ol the cea -,tate and (the a,,ociated
used to parameterize the fluxes acroSS the air-sea inter- n\Iamic:aI prkceSSe at t he Sea 'urtac:e thai iet or
lace in present atmospheric circulation models and the indire :tký afl'ect the Sienal', me~asured bshes OC CISensor

more Sophisticated treatment of' the dynanmical processes Reliable ocean was e modelS sx ill theitfore be nee-ded IT"
at the air-sea interf'ace commonly in% oked in the inter - the l'uture to roiurinels proý.css ocean satiline data. lot
pretation of' detailed field and laboratory experimientN. I R,' I and Its: _ [European Reniote eiin SatellneS1,
Whereas the atmospheric circulation does not appear to an cstensisei program tor the simultaneOuIS analystIs and
be overly sensitive to the precise formulation oft the air- assimilation of' altimetcer. seatteirometer. and -,k l's n
sea transf'er rates, the ocean circulation. carbon cycle. thetie aperture radarl wýaxe mnodel datta Iin neat real time,
and surface wave field all respond strongl\ to small per- using) both atmospheric general cir-culation and global
turbations in these fluxes. A significant improvement cit ocean 'sase models, is alreads beiriL' deseloped. In the
the present bulk fIluX plarameterizatioris needed to drive long term, a comprehensive data anal\Nis and proceSsini!
these systems reliably can be achieved only by using a systemn, combining data quality procedures. sensot at-
wave model with explicit, realistic representations oft'he i.orithm~s. and data assimilation in at single processing
dynamical source functions. sulite, will need to rie developed f'or all asý ailable ocean

Technically, it is quite f'easible to run an ocean wvave Surface data.
model together with an atmospheric circulation model. From the gflobal viewpoint, Jifmankind i,, to meet the
This is indeed currently being pursued in several weather challenge of understanding and managing thle re-sources,
forecast centers. We can, therefore, expect future at- of the finite planet on which \se all Bie, kke ssill need
mospheric circulation models to include wave models as to install and maintain a permanent global Earth obser-
a standard extension of their ocean boundary -layer pack- vat ton system, consisting of space, land, and ocean See-
ages, just as snow-,, soil moisture, and land vegetation ments. in conjunction with an operational data assimila-
must be included in a consistent treatment of the terres- tion system hased on Sophisticated models to proces'. the
trial boundary layer. enormous data volumes continuousir generated b\ such

Looking farther down tne road (cf. Fig. 1), coupled a system . Wave models wkill represent an Important corn-
models will undoubtedly be extended within the context ponent in this model Suite.
of the International Geosphere-Biosphere Programme Thus, xse ma% expect in the nineties, an esolutio~n cit
and the activities of the World Climate and Global o.cean w ave studies from a discipline that haS tended to
Change programs to include more sophisticated models live rather in the winmes. of traditional oceanoeraphic and
of the hydrological and global biogeochemical cycles. Bilt atmospheric scientific -esearch, supported mainl% b\ oIl-
these models will still continue to be built on coupled shore, oceanic, and coastal engzineering applications. to
ocean-atmosphere model~s as their core component, and a pivotal discipline in the mainstream of Earth systemn
the proper representation of- the exchangze processes at science.
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